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PREFACE 
This thesis describes original work which has 
. not been submitted for a degree at any other University. 
The investigations were carried out in the 
Crystallography Laboratory, Department of Metallurgy 
and Engineering Materials of the University of Newcastle 
upon Tyne, during the period October 1979 to March 1982 
under the supervision of Professor K. H. Jack and 
Dr. A. Hendry. 
The nitriding behaviour of an austenitic stainless 
steel together with its structure and mechanical 
properties are described as part of a wider investigation 
at Newcastle of the effect of nitriding heat treatments 
on the behaviour of iron and steels. 
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ABSTRACT 
Nitriding of AISI 316 stainless steel leads to the 
formation of a multilayered case and the distribution of 
the phases through the nitrided layer depends on the 
reaction temperature and cooling rate. Optical microscopy, 
electron microscopy and X-ray techniques are used to 
identify the phases formed. 
Nitriding kinetics are studied between 5500 and 800°C 
and the results are explained in terms of the phase 
distribution. Internal nitriding theory is valid at 800°C 
but at temperatures lower than 650°C abnormally high 
nitriding rates are observed due to the formation. of a thick 
"white layer" of massive y '-Fe4N with CrN. 
Three-point bend tests of sheets of nitrided AISI 316 
are described and it is shown that the extent. of brittle 
behaviour depends on the nitriding temperature, the thickness, 
hardness and composition of the nitrided layer and also on 
the metallurgical state of the core. Bending of hollow 
nitrided tubes of the same steel in four-point bend leads 
to deformation of the material at the level of the anvils 
of the jig while the mechanical properties of filled nitrided 
tubes depend on the nature of the filling material. 
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Chapter I 
INTRODUCTION 
On nitriding AISI 316 stainless steel a hard case is 
formed at the surface and work carried out in the Springfields 
Laboratories of the United Kingdom Atomic Energy Authority has 
shown that nitriding is a suitable process for the deliberate 
embrittlement of AISI 316. The steel is used as a fuel- 
canning alloy in nuclear reactors and some means for its 
embrittlement is a necessary part of the spent-fuel recovery 
process. 
Investigations on nitriding binary iron alloys (Fe-Ti, 
Atasoy & Kirkwood, 1973; Fe-Cr, Mortimer et al., 1972; 
Fe Ti and Fe Mo, Jack et al., 1973; Fe-Ti and Fe-Cr, 
Lightfoot & Jack, 1973, and other studies carried out at 
Newcastle) have shown that the rate of nitriding is a function 
of the strength of the interaction between the alloying 
element and nitrogen, the concentration of alloying elements, 
the reaction temperature and the potential of nitrogen in 
the gas mixture. 
Nitriding of stainless steel leads to the formation of 
a multilayer case the composition of which depends on the 
nitrogen potential. Previous investigations have shown 
that the rate of nitriding obeys internal nitriding theory 
(Kindlimann & Ansell, 1970; Evans, 1972; Lebrun et al., 
1972; Smith & Evans, 1973; Unthank, 1974). However, 
little work is published on the nitriding of AISI 316 
stainless steel and attempts to fit internal nitriding 
theory at low temperatures have not been successful (Cordwell 
et al., 1974; Wilson, 1978). The maximum case depth in 
the temperature range studied (500°-800°C) is obtained at 
600°C (Cordwell et al., 1974), and the kinetics of nitriding 
are independent of the composition of the gas mixture at low 
nitrogen potentials (Tyfield & Mackway, 1975). The changes 
in mechanical properties of nitrided AISI 316 with nitriding 
temperature (Stanley, 1969; Wilson & Wilson, 1981) may be 
due to changes in the phase distribution. It is worth- 
while, therefore, to try to explain the abnormal nitriding 
behaviour of AISI 316 and its mechanical properties, 
particularly in relation to embrittlement, in terms of the 
phase distribution in the nitrided case. 
Experimental methods used in the present-investigation 
include controlled metal-gas equilibration, X-ray 
diffraction, electron microscopy and mechanical testing, 
together with standard metallographic techniques. 
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Chapter II 
PREVIOUS WORK 
II. 1 Stainless steels 
(a) Introduction 
The corrosion resistance of chromium steels was first 
appreciated more than seventy years ago and these steels were 
called "stainless steel". This name was also given to 
austenitic Fe-Cr-Ni compositions which were developed in 
Germany at about the same time. The metallurgical 
development of stainless steels is reviewed in a series of 
historically significant papers edited by Pickering (1979) 
some of which are referred to below. At the present time 
there are many different stainless steels the main types of 
which can be summarised as: 
(i) Martensitic steels containing 12-17wt% 
chromium, 0-4wt"% nickel, 0.1-1. Owt% carbon with possible 
additions of molybdenum, -vanadium, niobium, aluminium or 
copper. These-steels are usually quenched and tempered to 
produce useful combinations of strength, ductility and 
toughness and may also be precipitation-hardened; 
(ii) Ferritic steels containing 15-30wt'%O chromium, 
3 
0 
low carbon, no nickel and often some molybdenum, niobium or 
4 
titanium. They are resistant to aqueous corrosion, high 
temperature oxidation and are reasonably formable; 
(iii) Austenitic steels which contain 18-25wt%o 
chromium with 8-20wt% nickel and low carbon. Less highly 
alloyed austenitic steels are metastable and can transform 
to martensite by quenching from high temperature (> 1000°C). 
Austenitic steels may also contain additions of molybdenum, 
niobium or titanium. Austenite is soft with a very low 
elastic limit but is very tough and has a characteristically 
high work-hardening rate. 
(b) The effect of alloying elements on austenite stability 
The effect of nickel on the structure of iron is to 
lower the Y--+ Cc transformation temperature. The Y- 
austenite phase (see Figure II. 1) can be stabilised in the 
presence of nickel to temperatures as low as 400°C and under 
certain cooling conditions it is possible to obtain 
austenite at room temperature. The iron-nickel equilibrium 
diagram also shows the formation of an intermetallic phase 
(FeNi3) at low temperature. 
The iron-chromium system has been widely studied 
because of the industrial-importance of such alloys (Pickering, 
1979). Because chromium is a ferritic stabiliser the 
austenite phase is present only in a very narrow loop, and 
for a chromium content higher than 13wt% no y is formed; 
1500 
o0 N 
loon 
ci L a) a 
E 
500 
0 
Ni Fe wt% 
2040 60 so 
Y 
400 000 wo a+Y WO %*.;. 
FeNi3 
1 
20 40 60 80 
Fe at%- Ni 
5 
see Figure 11.2. With chromium contents greater than 17wt/ö 
at temperatures below 800°C Fe-Cr alloys show considerable 
embrittlement. Between 550 ° and 800°C Q -phase 
precipitation is responsible and below 550°C the phenomenon 
known as "475°C embrittlement" occurs. Sigma-phase has a 
composition of FeCr but can dissolve an additional 5wt%Cr 
or Fe and forms congruently from ferrite at 815°C although 
the kinetics of formation are sluggish and are accelerated 
by cold working. The effect of 0 on mechanical 
properties depends on its distribution. Small isolated 
colonies have relatively little effect but continuous net- 
works can lead to dramatic embrittlement (Lena, 1954)" The 
effect of c' -phase in reducing toughness is considered to 
be a problem only below 6000 or 650°C and sigma is not 
normally encountered in the processing of commercial 
ferritic stainless steels. The rate of formation of a- - 
phase in austenitic steels is very slow; it forms directly 
from austenite although it is usually poorer in nickel than 
the original composition of the steel. Aging Fe-Cr 
alloys for long times between 4500 and 550°C dramatically 
reduces toughness and this embrittlement has been explained 
by a miscibility gap in the CC solid solution and the 
formation of a chromium rich precipitate, CC' There is 
some evidence that mechanical properties are affected before 
If precipitation which suggests the existence of a 
Guinier-Preston zone stage. Studies of the influence of 
° nitrogen'on "475C embrittlement" showed that clustering of 
Figure 11.2 
The iron-chromium equilibrium diagram 
(Elbaft, 1965) 
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chromium and nitrogen is the cause of embrittlement and 
suggested that the clusters are spherical within the spinodal 
while outside disc-shaped precipitates are formed by a 
nucleation and growth process (Hendry et al., 1979)" 
To overcome the embrittlement of ferritic stainless 
steel and in order to find a greater resistance to aqueous 
corrosion, the iron-chromium-nickel system has been 
extensively studied. Figure II. 3 shows the stability of 
the y -austenite phase at high temperature (900°-1300°C) 
in the ternary Fe-Cr-Ni diagram. Rees et al. (1949) 
studied the constitution of iron-chromium-nickel alloys 
after annealing between 650 0 and 800°C for periods up to 200 
days. At 800°C, for example, an alloy containing 7wt%Cr 
and 1Owt%Ti is fully austenitic but at 650°C it is a 
mixture of ferrite and austenite. There are also areas in 
the ternary system with compositions typical of austenitic 
stainless steels where Q -phase is detected but only with 
a -ferrite or with y -austenite. Lena 
(1954) reviewed 
the formation of sigma-phase in iron-chromium and iron- 
chromium-nickel alloys and compared the influence of tempera- 
tune, composition and different alloying elements on the 
precipitation of C before concluding that sigma 
precipitates more rapidly in ferrite than in austenite. 
Shao & Machlein (1979) found that addition of molybdenum 
promotes sigma formation. 
Beating (1956) showed that at 18wt% chromium a 
Figure 11.3 
The iron-chromium-nickel system 
(a) at 9000 to 1300°C (Bain & Aborn, 1948) 
(b) at 1100°C (Pugh & Nisbet, 1950) 
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minimum nickel content (8wt`%) is required under normal 
cooling conditions to promote a fully austenitic structure 
which is stable at room temperature; see Figure 11-4- The 
structure of conventional austenitic stainless steels can 
change under certain cooling conditions; for example by 
slow-cooling precipitation may occur and change the ratio of 
chromium to nickel in some areas and thus lead to the 
transformation Y-> CC ; see Figure II. 4. By 
quenching to room temperature from temperatures at which the 
structure is fully austenitic, ferrite or martensite can be 
formed as well as unstable austenite which may transform to 
ferrite by cold-working (Bain & Aborn, 1948; Speich, 1973)- 
i 
Recent development of austenitic steels started from 
the familiar 18-8 chromium-nickel steel, originally with 
some additions of carbon, which was traditionally the most 
economical fully austenitic material. Higher nickel 
contents are used to avoid the formation of cC -ferrite 
which can produce edge cracking during hot-working. The 
effect of nickel on hot workability is maximised by lowering 
the carbon and nitrogen contents (Ludwigson & Brickner, 1969) 
and the effect of nickel in relation to nitrogen concen- 
tration was confirmed by Janson (1971). However the trend 
is now to lower carbon contents and the compositions of 
Standard American Iron and Steel Institute grades of 
austenitic stainless steels are given in Table II. 1. To 
7 
i 
improve particular properties, alloying elements are added 
Figure II. 4 
Effect of nickel and chromium on the 
constitution of 0.1w/6C steels 
(Keating, 1956) 
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and these may influence the range of austenite stability. 
For example, chromium, molybdenum, silicon, titanium, and 
niobium are considered as cc -ferrite stabilisers whereas 
nickel, manganese, carbon and nitrogen increase the Y- 
austenite range. Usually austenitic stainless steels 
contain up to 0.08 or 0.15wt'%o carbon and Figure II. 5 
shows that in AISI steels (listed in Table II. 1) M23C6 is 
the only carbide to be precipitated. Higher carbon 
contents are necessary to precipitate M7C3. M23C6 is 
essentially chromium carbide with other elements in partial 
substitution e. g. (Cr, Pe) 23C6 and 
(Cr, Fe, Mo)23C6" 
Precipitation of M23C6 occurs at 500°-950°C the kinetics 
of which depend on the chemical composition of the steel. 
N23C6 precipitation causes chromium depletion (Joshi & 
Stein, 1972; Pande et al., 1977) so that 
transformation can occur on cooling. Chromium depletion is 
also the cause of a decrease in corrosion resistance. Thus, 
one way to reduce intergranular corrosion is to stabilize 
the steel with titanium or niobium since these elements have 
a greater affinity for carbon than chromium. The formation 
of M23C6 is therefore suppressed by the formation of NbC 
or TiC. Niobium is found to be abetter stabiliser than 
titanium since after long aging times N23C6 tends to 
replace TiC (Thorwaldsson & Dunlop. 1979)" 
I 
Nitrogen is a strong austenite stabiliser and if a 
small concentration of nitrogen is added less nickel is 
Figure 11.5 
Effect of nickel and carbon on 
Fe-18wt%Cr alloys 
(Tuma et al., 1976) 
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required to stabilise the y -austenite. Tisinai et al. 
(1956) found it possible to obtain an austenitic structure 
in nickel-free steels containing 21-33wt% Cr at above 
1200°C by adding suitable amounts of carbon and nitrogen; 
austenite could be retained at room temperature by rapid 
quenching but on slow cooling these alloys decomposed into 
ferrite, carbides and nitrides. 
Imai et al. (1967b) studied the quaternary system 
Fe-1Bwt% Cr -C -N at 700°-1300°C for a range of carbon and 
nitrogen contents up to 0.5wt% and found that the carbon 
concentration influences the precipitation of chromium 
nitrides while nitrogen has a similar effect on the precipi- 
tation to chromium carbide. Thief' et al. (1969) found that 
addition of nitrogen delays the precipitation of M23C6 as 
shown schematically by Figure 11.6. 
(c) AISI 316 
AISI 316 is an austenitic steel containing chromium, 
nickel, molybdenum and manganese; see Table II. 1. The 
designation "316" is sometimes preceded or followed by a 
letter (Table II. 1) which indicates the carbon or nitrogen 
content of the alloy: "L" is used for low carbon content 
(0.03wta6 maximum); "M" means that the steel contains 
between 0.03-0.06wt% C (medium carbon content); and "N" 
is used for steels containing between 0.10-0.16wt/o nitrogen. 
10 
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Figure 11.6 
Effect of nitrogen on N23C6 precipitation 
(Thier et al., 1969) 
t 
O 
" 
C 
u c 
c 
0 
0) 
M 
O 
O 
°°°o0 
0°0o0 
o rn Co ýý 
ý /einiiDiedw@4 
0 
Q 0 0 
O 
O 
r- 
CD Ic- 
r 
0 
ö J 
0ö 
0 
Lr) 
W 
I 
The maximum carbon content allowed in AISI 316 is 0.08wt%. 
AISI 316 is similar in composition to AISI 304 with 
addition of molybdenum (2.5wt%) and Defranoux (1974) showed 
that the presence of molybdenum accelerates the rate of 
passive film formation during aqueous corrosion. AISI 316 
was originally developed for marine use because of its high 
corrosion resistance. It is now one of the steels used in 
nuclear power generation, especially as fuel pins in fast- 
breeder reactors. Among the many problems that may arise 
during service, swelling of the steel during irradiation 
occurs and leads to changes in the matrix composition (Bates, 
1977; Brager & Garner, 1978) which result in the formation 
of complex intermetallic phases. Addition of Ti or Nb 
and Si (Johnston et al., 1976; Lee et al., 1979; Nagasaki 
et al., 1979), or cold working (Johnston et al., 1976), 
reduce swelling by the formation of finely dispersed coherent 
NbC or TiC precipitates and dislocations which act as 
sinks for vacancies. Low temperatures enhance radiation- 
swelling, which reaches a maximum on cooling from 500°C 
(Foster & Boltax, 1980). 
The fuel pins are usually 2CP, ö cold-worked and with this 
small degree of deformation formation of twins and 
recrystallisation phenomena are not significant. Partial 
recrystallisation of cold-worked material occurs over the 
range of temperature 580°-800°C (Yang & Spruiell, 1982), and 
gain growth below 950°C is negligible (aalbi & Silva, 1978). 
11 
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Aging and creep of AISI 316 at 600°-800°C have been 
extensively studied. During aging carbides (M23C6, M60) 
and interxetallic phases (Q, X, ) are observed. The 
kinetics of precipitation of M23C6 in AISI 316 as a function 
of carbon content and annealing temperature (grain-size) are 
shown in Figure II. 7. The carbon content has no influence 
at temperatures lower than 700°C but higher annealing 
temperatures, which lead to a higher quenched-in vacancy 
concentration, enhance carbide precipitation. The time- 
temperature-precipitation diagrams for AISI L316 annealed 
and 2(% cold-worked are shown in Figure 11.8 and, as 
expected, cold working which introduces a high density of 
dislocations accelerates precipitation (Weiss & Stickler, 
1972; Morris & Harries, 1978). However, the rate of 
precipitation of M23C6 is only affected for times less 
than one hour. Precipitation of carbides and the formation 
of intermetallic phases after aging for long times have been 
studied by optical and electron microscopy by several workers 
(Yamane & Veda, 1963; Blenkinsop & Nutting, 1967; Mimino 
et al., 1969; Weiss & Stickler, 1972; Spruiell et al., 1973; 
White & Le May, 1974; Lai & Meshkat, 1978; Stoter, 1981). 
Unfortunately the results reported by different authors are 
not always consistent and comparable but there is general 
agreement that carbides precipitate before the intermetallic 
phases. 
Nitrogen is also added to AISI 316 to improve mechanical 
F 
v 
Figure II. 7 
Kinetics of precipitation of M23C6 in 
AISI 316 steel (Weiss & Stickler, 1972) 
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Time-temperature-precipitation diagrams 
for AISI L316 
(a) annealed (Weiss & Stickler, 1972) 
(b) 2 9/ö cold-worked (Spitznagel & Stickler, 
1974) 
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properties. However, the strengthening effects obtained by 
addition of nitrogen can not be explained by solution 
hardening mechanisms alone (Norstrbm, 1977). The contri- 
bution of nitrogen to yield stress can be divided into two 
parts: (i) a temperature-dependent contribution over the 
range 10°-600°C (true solution hardening) independent of 
grain-size, and (ii) an athenmal contribution with an 
increase of the grain-size coefficient in the Hall-Petch 
equation as the nitrogen concentration increases. Thus, a 
combination of nitrogen addition and grain-size refinement 
gives very high strengths to AISI 316 in the annealed state. 
11.2 Nitriding of iron and iron alloys 
(a) The iron-nitrogen system 
The iron-nitrogen system is shown in Figure 11.9 with 
unit-cell dimensions and composition limits of the different 
iron-nitrogen phases in Table 11.2. The q' and a~ phases 
are not represented on the diagram; a' -nitrogen martensite 
is obtained by quenching nitrogen-austenite and a~ -Fe 16N2 
is formed by tempering nitrogen-martensite or aging super- 
saturated nitrogen-ferrite at low temperature. 
Yý -Fe4N has a face-centred cubic arrangement of 
iron atoms as in austenite and the nitrogen occupies one set 
of octahedral interstices in an ordered manner as shown in 
13 
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Figure II. 9 
The iron-nitrogen diagrau 
(Jack, 1951a) 
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Figure II. 10. The basic structure of Yl -Fe4N is there- 
fore face-centred cubic but the nitrogen atoms have a 
primitive cubic arrangement which give superlattice 
reflexions on X-ray diffraction patterns (Jack, 1948)" 
E -Fe2N1-x has a wide range of composition and a 
close-packed hexagonal arrangement of iron atoms; Jack 
(1952) reported a superstructure with at _ 
J3 
a, c' = C. 
Figure II. 11 shows that a increases with nitrogen content 
more quickly than c so the /a ratio decreases. 
(b) The iron-chromium-nitrogen system 
The ch mium-nitrogen diagram (Figure 11.12) shows the 
existence of two chromium nitrides: CrN and Cr2N. 
CrN has a face-centred cubic structure of lattice parameter 
4.150 R (Mortimer, 1971), while Cr2N (Mortimer, 1971) has 
a close-packed arrangement of metal atoms with: 
a=4.790 R' a=4.469 2, . /a = 0.933" 
Nucleation of Cr2N in U -ferrite (Bywater & Dyson, 1975) 
is heterogeneous with small needles in areas of high dis- 
location density and large single needles or globular 
precipitates in ferrite grain-boundaries (Lagneborg, 1967). 
The <311>a growth direction corresponds to a minimum 
of mismatch and elastic strain energy; Lagneborg (1967) 
reported a (0001)Cr2N 1/ (011)Ct and (10.1 1)Cr2N // (101)a 
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Figure II. 10 
Crystal structure of y -nitrogen 
austenite and y1 Fe4N 
(Jack, 1949) 
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Figure II. 11 
Variation of unit-cell dimensions 
of s -Pe2N1-x with nitrogen content 
(Jack, 1952) 
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Figure 11.12 
The chromium-nitrogen diagram 
(Adcock, 1926) 
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orientation relationship similar to that for the precipitation 
of C -iron carbide in martensite (Jack, 1951c). 
Nitrogen has a profound effect on the y loop in 
Fe-Cr alloys (Turkdogan & Ignatowicz, 1958), and Masumoto & 
Imai (1969) claimed that the effect of nitrogen in stabilising 
' -austenite is about twenty-five times that of nickel. 
The ternary diagram Fe-Cr-N has been studied by Imai et al. 
(1967a) between 700°-1300°C in the range 0-40wt% Cr and up 
to 1wt'% N and the different nitrides precipitated, 
depending on the nitrogen content and temperature, were 
Y' -Fe 4N, CrN and Cr2N. No y' -Fe4N and CrN were 
detected at 800°C or higher; Figure II. 13 shows the 
Fe-Cr-N phase diagrams after Imai- et al. at 700 
° and 800°C. 
In the same system, Turkdogan & Ignatowicz (1958) showed that 
chromium increases the solubility of nitrogen and that CrN 
is present at 600 °C. 
(c) The iron-chromium-nickel-nitrogen system 
In the Fe-18wt% Cr-Ni-N system at 500°-1300°C for 
0-20wt% nickel and up to 0.4wttö nitrogen Masumoto & Imai 
(1969) found that the only nitride precipitate was Cr2N and 
that the solubility of nitrogen in Y -austenite decreases 
with increasing nickel content. The effect of both nickel 
and chromium and the solubility of nitrogen in y decreases 
with increasing temperature (Figure II. 14) indicating an 
/ 
Figure II. 13 
The iron-chromium-nitrogen system at 
7000 and 800 
°C 
(IAai et al., 1967a) 
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increase in the heat of solution of nitrogen in stainless 
steels with increasing temperature. 
(d) Precipitation in nitrided iron-chromium and 
iron-chromium-nickel alloys 
Only three nitrides have been reported when nitriding 
iron-nickel alloys: y' -(Fe, Ni)4N (Arnott & Wold, 1960; 
Atkinson & Bodsworth, 1970; Handley, 1974); Ni3N 
(Arnott & Wold, 1960) and E Fe2N1-Y (Atkinson & 
Bodsworth, 1970; Handley, 1974)" 
Y" -(Fe, Ni)4N has the face-centred cubic Fe4N 
structure with a high solubility of nickel (0-BOwt%) and 
its lattice parameter decreases with nickel content (Arnott 
& Wold, 1960). Wiener & Berger (1955) proposed an ordered 
structure for Fe? iN in which nickel atoms replace the 
iron atoms at the corner of the unit-cell. Further investi- 
gation by Arnott & Wold (1960) on (Fe, Ni)4N showed by 
comparing the intensities of the superlattice reflections 
(100) and (110) of this phase that the first nickel atom is 
at the corner of the unit-cell while other nickels 
substitute randomly for iron atoms. 
By nitriding Fe-Cr or Fe-Cr-Ni alloys at high 
nitrogen potentials a multilayer subscale of nitride 
precipitates is obtained which can be divided into a compound 
layer or "white layer" formed by E -Pe 2N1-X and 
18 
y'-Fe4N and a diffusion layer of CrN or Cr2N in the 
matrix (Lebrun et al., 1972; Lightfoot & Jack, 1975; 
Mittemeijer et al., 1981). When nitriding in ammonia: 
hydrogen mixtures the amount of nitrogen introduced can be 
controlled by the nitrogen potential (see Chapter 111-4)- 
Lehrer (1930) showed that the formation of iron nitrides 
depends on the nitrogen potential and on the temperature. 
Therefore as reported by Lightfoot & Jack (1975) the 
formation of the "white layer" is controlled by the NH3: H2 
ratio. Considering the formation of the nitrided layer 
of an iron-chromium alloy at high nitrogen potential with 
the presence of a compound layer the following equilibria 
going from the surface towards the centre should be 
expected: 
1 
gas 4%Zl_ c -Fe2N1-X 
(high nitrogen) """" 11.1 
E Fe2N1-1(low nitrogen) ± y'-Fe4N (high nitrogen) .... 11.2 
y' -Fe4N (low nitrogen) CrN or Cr2N """" 11.3 
CrN or Cr2N ý- a- ferrite (high nitrogen) .... 11.4 
The gradient in nitrogen concentration results in the growth 
of the nitrided layer. The formation of the different iron- 
nitrides has an influence on nitriding kinetics. A high 
nitriding rate is obtained when the nitrogen solubility is 
in equilibrium with c -Fe 2N1-X and then the nitriding rate 
19 
decreases and is governed by the nitrogen concentration in 
equilibrium with y' Fe4N (Jack & Stoney, 1972). With 
chromium steels no discontinuity in nitriding rate was 
observed even when yl -Fe 4N precipitates, but a high 
supersaturation was found to be necessary to form Y' in 
these alloys and this supersaturation is maintained when 
Fe4N is present (Lightfoot & Jack, 1975). These authors 
also reported that when nitriding chromium alloys containing 
carbon, the carbon diffuses ahead of the nitriding front 
towards the centre of the sample and the case depth 
decreases as the carbon content increases. 
Nitriding iron-chromium alloys. is widely used in 
industry (either by gas nitriding or iron nitriding) and 
especially in the car industry e. g. in case hardening gears. 
Nitriding is also applied in petrochemical plants and in 
aerospace applications where austenitic stainless steels are 
used. The nitriding behaviour of austenitic stainless 
steel has been widely investigated, especially those steels 
stabilized with titanium (Kindlimann & Ansell, 1970; Evans, 
1972; Smith & Evans, 1973; Unthank et al., 1974)" 
Nitriding rates are determined by internal nitriding theory 
(see Chapter VII) and a multilayer case is formed. 
The nitriding behaviour of AISI 316 in ammonia: hydrogen 
mixtures at 500°-800°C has been studied at the C. E. G. B. and 
i 
U. K. A. E. A. laboratories. Nitriding in pure ammonia at low 
temperatures (< 600°C) does not given an even nitrided layer 
20 
(Cordwell et al., 1974; Wilson, 1978) but nitriding AISI 
316 was reported to be controlled by diffusion of nitrogen 
in austenite. A two-layer case is found between 4500 and 
700°C composed of a thin (< 5µ m) surface layer of mixed 
nitrides E -Fe2N1-x and YI Fe3NiN and an. inner case 
of CrN. Wilson (1978) reported the presence of c( - 
ferrite in the inner nitrided layer at 5500 and 600°C and 
also that at these temperatures the case is heavily cracked 
while Cordwell et al. (1974) found a thinner case at 7000C 
than at 600°C. 
Nitriding in ammonia: hydrogen gives an even nitrided 
layer only for temperatures ). 750 °C, and at 800°C nitriding 
does not seem to be affected by nitrogen potential. Only a 
slight difference in the case depth is observed between 
3/2 3/2 
PN / PH = 0.073 and PN 
/PH 
= 0.013 (Tyfield 
3232 
& Mackway, 1975) although nitriding in NH3: H2 mixtures is 
reported to obey a parabolic law. It should be noted 4 
however that these workers maintained the ammonia flow rate 
constant and changed the hydrogen flow rate which meant that 
an increase in the ammonia partial pressure was achieved by 
decreasing the total flow rate of gas through the furnace. 
Thus, because ammonia dissociation increases as the flow rate 
decreases (see Table 111.2), the real nitrogen potential was 
probably nearly constant in all experiments. No iron 
nitrides were observed under these experimental conditions. 
A more complete study has been carried out by Lebrun 
21 
et al. (1972) on ion nitriding 18-10 stainless steel in pure 
ammonia at 500°-800°C. A difference in phase distribution 
between 600 0 and 650°C was observed which corresponds to a 
difference in nitriding kinetics. Nitriding at 600°C and 
lower temperatures gives a high nitriding rate which is 
related to the presence of ferrite in the nitrided layer 
next to the core, and the authors concluded that nitriding 
is therefore controlled by diffusion of nitrogen in ferrite= 
nitriding at higher temperatures is controlled by nitrogen 
diffusion in austenite. " The phase distribution in the 
nitrided layer at temperatures < 600 °C is: a subscale 
(< 5 F1 m) of Fe2N 1 _Y, 
Fe4N and y ;a layer (N 5µ m) 
of y+ CrN; a diffusion layer of CrN +y+ a; an 
inner subscale (""-1 4 9m) of Y+ c( ; and finally a thin 
layer formed by twinned austenite. At higher temperatures 
the nitrided layer is formed by a subscale of 'Y" -Fe4N; 
an inner layer which contains CrN + Cr2N +'Y ; and then a 
layer containing CrN + Cr2N + y +a . The interface 
between the nitrided layer and the core is formed by a thin 
subscale of dislocations and twins in the austenite. The 
formation of Ix -ferrite'at 600°C and lower temperatures is 
reported to be different to that at 800°C. In the first 
case the formation of a is caused by the presenceof dis- 
locations due to stresses at the nitrided layer-core inter- 
face, while in the second case it is associated with 
precipitation of Cr2N which destabilizes Y by chromium 
depletion; see Figure II. 4. 
II. 3 Microstress and properties of nitrided steels 
(a) Sources of stress in a nitrided case 
Stresses in a nitrided case are comparable to those 
observed in oxidised or carburized layers. The stresses 
are the consequences of the following phenomena that occur 
during nitriding: 
(i) On nitriding there is a change in volume. For 
example, by formation of y' -Fe4N from '-austenite of 
high nitrogen content there is an increase of 1296 in specific 
volume, the white layer is therefore in compression compared 
with the inner subscale. 
(ii) The nitrogen concentration is not constant 
through the nitrided layer. Compositional changes can occur 
and a nitrogen concentration profile can lead to a stress 
profile due to changes in lattice parameter (Mittemeijer, 
1981). 
(iii) On cooling from nitriding temperature a stress 
is generated due to the difference in thermal expansion 
coefficients of the nitrides and the steel matrix 
(Mittemeijer, 1981). Rapid cooling can also be the source 
of residual stresses due to the difference in cooling rate 
between the centre and the surface of the specimen (Ebert, 
1978). 
22 
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Stresses in oxidised Fe-Cr alloys have been detected 
by oxidising a thin strip of specimen on one side only while 
23 
the other side was protected by a layer of platinium; the 
sample was heavily bent after oxidation (Howes & Richardson, 
1969). A similar phenomenon has been observed in the 
present study by nitriding one side a thin sheet of AISI 316 
(the other side was copper plated), or by decreasing the 
flux of nitrogen on one side (by nitriding a specimen which 
has been previously oxidised on one side). A very small 
difference in case depth between the two sides leads to 
bending of the specimen. 
Thus, when nitriding Fe-Cr alloys with formation of 
a "white layer" a complex distribution of stresses is ; 
expected through the nitrided layer, with a tensile residual 
stress on the surface of the diffusion layer. Residual 
stresses influence the mechanical properties of the material 
(Ebert, 1978) but the effects are difficult to quantify 
because of the influence of other parameters such as case 
depth and case hardness which are also related to the 
residual stresses. In carburized case-hardened steels 
residual compressive stresses are known to improve bend and 
fatigue resistance. 
(b) Properties of nitrided steels 
Nitrogen is deliberately added to certain stainless 
steels and mainly to stabilized grades for which precipitation- 
hardening is used to improve creep strength by introducing a 
dispersed phase such as NbN or TO to act as a sink for 
dislocations. 
The formation of a hard nitrided or carburized surface 
case gives to the steel brittle properties despite the fact 
that the core is still ductile. The mechanical properties 
of such materials depend on the thickness of the case, the 
phase distribution, and the microhardness of the layer. 
Case-hardened steel can be studied as a composite material 
with a complex distribution of stresses during testing. 
Figure II. 15 is a schematic illustration of the interaction 
generated between case and core during the simple loading of 
such a composite. In (a) both case and core are in the 
elastic region and so only axial and uniform stresses are 
detected while (b) shows that if the case is still in the 
elastic region with the core in the plastic-elastic zone 
then transverse stresses are generated in radial and 
circumferential directions. These stresses depend on the 
case depth and hardness (Ebert, 1978). 
Only very little work on the mechanical properties of 
nitrided case hardened austenitic steels has been reported. 
Stanley (1969) studied the mechanical properties of nitrided 
AISI 304,316,321 and 347 but was unable to relate these to 
the proportion of nitrided area although an increase in yield 
stress and a decrease in ductibility were observed. The 
load-extension curves showed a drop in load after the yield 
point for nitriding temperatures > 540°C and a similar 
24 
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Figure II. 15 
Schematic illustration of the inter- 
action between case and core on simple 
loading of a composite material 
(Ebert, 1978) 
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phenomenon was reported by Cordwell et al. 
(1974) for 
nitrided AISI 316 and was related to the occurrence of cracks 
in the nitrided case. A maximum in yield stress with 
exposure temperature was obtained by these authors at 600°C 
despite the fact that the nitrided layer is nearly the same 
thickness as when nitrided at 700°C although the micro- 
hardness is lower. 
Four-point bend tests on 20'/o cold-worked AISI M 316 
nitrided tubes (Wilson & Wilson, 1981) show that a minimum 
case depth is necessary for total fracture of the tubes and 
this minimum decreases with increasing nitriding temperature 
between 600° and 750°C. Failure of a case-hardened steel 
by bend testing depends on crack propagation through the 
ductile core. The maximum reduction in toughness for 
carburized steels tested by notched three-point bending is 
realised when the tip of a surface crack penetrates into the 
core, and the velocity of the crack tip through the hard case 
does not influence the toughness (Barnby et al., 1975" 
Therefore the toughness is high as long as part of the 
carburized case exists below the crack tip. 
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Chapter III 
E)CPERIMENTAL METHODS 
III. 1 Preparation of alloys 
All steels used in the present investigation were 
classified as AISI 316 and were provided by the U. K. A. E. A. 
Springfields Laboratories. Chemical analysis, thickness 
and form of the steels are given in Table III. 1. 
The steel was nitrided in the as-received condition 
except that (i) wire used for X-ray analysis was drawn to 
0.8= and then annealed in a sealed vitreous silica capsule 
at 1050°C for 1h and (ii) thick specimens (2.7®) were. 
cold-rolled to 1mm foil with total deformation of 63Y6. 
111.2 Nitriding procedure 
Nitriding experiments were carried out in either a 
vertical (Figure III. 1) or horizontal tube furnace. On the 
vertical furnace a high vacuum tap is attached for quenching. 
In both cases the furnace has an alumina reaction tube 20mm 
diameter heated by a Kanthal resistance winding which gives 
a uniform hot zone 50mm in length. The reaction temperature 
26 
0 
was maintained constant (± 3°C) by an Ether controller 
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Figure III. 1 
The vertical lrH3: H2 equilibration 
apparatus 
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connected to a Pt/Pt-13Rh thermocouple placed between the 
reaction and winding tubes. The specimen temperature was 
measured by a separate Pt/Pt-13Rh thermocouple protected 
by an alumina sheath positioned alongside the specimen. 
Commercial gases were used (N2, NH3, H2, Ar), purified 
by standard methods (Schwerdtfeger & Turkdogan, 1970) ass 
shown in Figure 111.2. The activated copper was pre-reduced 
in hydrogen at 220°C and then used at 140°C during the 
experiments. The glas flow-rate was regulated by a capillary 
flowmeter (Figure III. 3), calibrated by a bubble displacement 
method (Darken & Gurry, 1945) and the gas pressure was 
maintained slightly higher than atmospheric by 10-20mm' of 
oil in an exit bubbler. 
Specimens for nitriding were electropolished (electro- 
polishing solution No. 1 of Table III. 3) or cleaned with 
"chemiclene" and weighed prior to nitriding. In the vertical 
furnace samples were suspended in the cold upper zone of the 
furnace by a platinum wire attached to a piece of iron, held 
in position by a magnet, and in the horizontal furnace 
specimens were placed in a silica boat attached to an alumina 
rod which was moved by a magnet. 
The sealed system was evacuated and filled with nitrogen 
and then the correct ammonia: hydrogen mixture passed for , 
about lh before moving the specimens into the hot. zone of the 
furnace. After nitriding the specimens were either cooled 
4 Figure 111.2 
Gas purification system for NFi3: I32 
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A capillary flowmeter (schematic) 
system 
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slowly by withdrawing from the hot zone or quenched in a 
degassed ice-brine bath. Specimens were reweighed after 
nitriding. 
III. 3 Dissociation of ammonia 
The dissociation of ammonia is an important parameter 
because the rate of nitriding, the surface nitrogen 
concentration, the formation of precipitates and the sequence 
of phases in case and core all depend on the nitrogen 
potential, PN-H / pH 
3/2 
. This potential is controlled '32 
by the dissociation of ammonia 
NH3 ý 1/2 N2 + 3/2 H2 0000 
111.1 
Therefore dissociation of ammonia as a function of flow-rate 
and temperature was studied. The method used the solubility 
of ammonia in water in a volumetric measurement of the amount 
of insoluble gas (N2 + H2) in a sample of exit gas taken 
from the bottom of the furnace in a one litre burette. The 
lower tap of the burette was then opened under water and -as 
ammonia dissolved a partial vacuum was created and water was 
drawn into the burette. The percentage of dissociated 
ammonia was measured with an error of + 1% by the difference 
I 
in weight of the burette full of water and the burette with 
30 
water drawn in during the experiment. From equation III. 1 
the dissociated ammonia can be calculated 
NH3 dissociated 
(Wf We)/2 
x 100 De. 111.2 (Wf-Wo) - (Wf We)/2 
Wo: weight of burette (kg) 
Wf: weight of burette + weight of 1 litre of water (kg) 
We : weight of burette + weight of water absorbed 
during the experiment (kg) 
The degree of dissociation of ammonia depends on the reaction 
temperature, the linear flow-rate of gas and the surface area 
of specimens in the furnace (see Table 111.2). At 600°C the 
degree of dissociation is negligible even in the presence of 
specimens but-at 800°C it increases rapidly with decreasing 
flow-rate and with increasing surface area of specimens in 
the furnace. 
E -iron nitride has a wide range of composition 
(Figure 11.9) and a constant nitrogen content can be obtained 
either by nitriding at high temperature with a given ammonia 
potential or by nitriding at a lower temperature with a- 
higher ammonia potential; see Figures 11.9 and 111-4. The 
nitrogen content of the E -phase is obviously affected by 
the thermal dissociation of ammonia. 
A constant linear flow-rate of 0.6 cm s-1 was used in 
all experiments. 
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Table 111.2 
Dissociation of ammonia 
temperature flow-rate specimens dissociation 
°C cm s g6 
550 0.6 1 sheet 1 
600 0.6 none 0 
0.03 none 1 
0.006 none 9 
0.6 1 sheet 5 
0.6 2 sheets 8 
650 0.6 1 sheet 10 
700 0.6 none 2 
0.15 none 4 
0.03 none 5 
0.6 1 sheet 20 
0.6 2 sheets 23 
750 0.6 1 sheet 32 
800 0.6 none 9 
0.15 none 28 
0.03 none 39 
0.006 none 75 
0.6 1 sheet 61 
0.6 2 sheets 72 
dimension of sheet: 15xlOxlmm 
i 
Figure III. 4 
Equilibrium between NH3: H2 gas mixtures 
(latm) and solid phases of the iron- 
nitrogen system (Lehrer, 1930) 
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III. 4 Nitriding in ammonia: hydrogen gas mixtures 
The reactions that occur when ammonia is in contact 
with iron alloys at temperatures of about 600°C, include: 
NH3(g) z-= 1/2 N2(g) + 3/2 H2(g) .... 111.3 
NH 3(8) N+ 3/2 H2(g) .... III. 4 
NH3(g) ý= 1/2 N2(g) + 3E .... 
111.5 
where N and H indicate that nitrogen and hydrogen are in 
solid solution. 
Reaction III. 5 takes place to a negligible extent (Darken 
& Gurry, 1953) and a flow-rate of 0.6 cm s-1 is chosen to 
avoid reaction III. 3 which is the thermal dissociation of 
ammonia (see Table 111.2). Thus it is reasonable to assume 
that only reaction I11.4 takes place during nitriding. 
The equilibrium constant for the nitriding reaction is: 
K (T) pH 
3/2/ 
PNH 
23 
0 ... 
III. 6a 
where aN is the activity of nitrogen in the nitride phase 
and pH 9 PN'H are the partial pressures of hydrogen and 23 
ammonia respectively. The nitrogen activity is 
therefore: 
33 
a=K (T) . Ng 
/PH 3/2 
.... III. 6b 32 
and so is proportional to the nitrogen potential of the 
gas, pNH3' P$ 
3/2 
2 
Previous work (Turkdogan & Ignatowicz, 1959) has shown 
that Henry's law is valid for the solubility of 'nitrogen in 
18-8 stainless steel 
aN = kH . 
(Wt$ N) 
where ICH is the Henry's law constant. 
Thus: 
wt% N=k pNH / PH 
3/2 
32 
where k=K (T) / kg 
.... III. 7 
i 
0 ... 111.8 
The amount of nitrogen introduced into a steel can therefore 
be controlled by the NH3: H2 ratio in a mixture of gases. 
For the iron-nitrogen system the phases in equilibrium 
with various ammonia: hydrogen gas mixtures at any temperature 
have been determined by Lehrer (1930) and are shown in 
Figure I11.4 
34 
1II. 5 Metallographic examination 
Nitrided sheets were mounted vertically either in 
cold mounting resin (for extremely brittle samples) or by 
hot mounting in bakelite at 140°C under a pressure of 17 MPa. 
The samples were then polished on two grades of silicon 
carbide papers followed by three grades of diamond paste 
(8,3,1 t 1m)- Specimens were etched to show different parts 
of the structure using a number of different solutions 
summarised in Table III. 3. The nitrided case depth was 
measured on a Reichert projection microscope after etching 
in 2gö nital and Vickers microhardness measurements were 
carried out on the same equipment using a constant load of 
50g. 
Grain-sizes of as-received and heat-treated material 
were measured after etching electrolytically in 1C% oxalic 
acid and by using the mean linear intercept (m. l. i. ) which 
is sometimes referred to as the Heyn intercept. The mean 
linear intercept is measured by counting the number of grains 
or grain-boundaries which intercept a line of length L. 
The m. 1. i. is given by: 
m. l. i. =ä=L=I 
N NL 
where N is the number of grains or grain boundaries and 
NL the number of grains or grain boundaries per unit length. 
There is also a relationship between d and the A. S. T. M. 
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grain-size numbers compiled by Pickering (1976). An 
average of seven lines per specimen were drawn to measure 
the grain-size and the results are given in Table III. 4. 
Heat-treatment at 600 0 and 800°C up to 100h does not change 
the grain-size, but 2.5h at 1250°C gives very large grains. 
The as-received steel containing 0.02wt% C showed numerous 
twin boundaries and the shape of the grains was not regular. 
111.6 Preparation of specimens for electron microscopy 
A chemical-mechanical method for the preparation of 
transmission electron microscopy (TEEI) thin foils of nitrided 
layers was developed. The depth at which the microstructure 
was to be studied was decided and a corresponding amount of 
the nitrided layer removed by surface grinding using 1mm 
thick samples to minimise bending and distortion. The 
specimen was turned over and ground from the reverse side 
until a total thickness of 300 µm remained. The surface 
to be studied was then lacquered and thinning started by 
electropolishing the reverse side in electropolishing 
solution No. 1; see Table III. 3. With this solution the 
exposed surface remains bright when polishing the austenitic 
core but when the Y +CrN layer is exposed the specimen 
surface becomes dull. When all the austenite layer was 
removed (the surface was then completely dull), electro- 
polishing was continued using electropolishing solution No. 2 
Table III. 4 
Grain-size of annealed, as-received and heat-treated samples 
carbon content heat-treatment a A. S. T. M. 
wt% conditions mm number 
0.02 as-received 0.024 7-8 
0.02 '600°C-24h 0.025 7-8 
0.02 600°C-10oh 0.025 7-8 
0.02 8oo°C-24h 0.025 7-8 
0.02 800°C-100h 0.026 7-8 
0.02 1250°C-2.5h 0.25 0-1 
0.07 as-received 0.009 10 
0.07 600°C-24h 0.010 9-10 
0.07 600°C-48h 0.010 9-10 
0.07 6oo°C-l00h 0.010 9-10 
0.07 800°C-24h 0.0115 9-10 
0.07 800°C-48h 0.0115 9-10 
0.07 800°C-1o0h 0.0115 9-10 
0.07 1250°C-2.5h 0.250 0-1 
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of Table III. 3 and when perforation occurred the lacquer 
was removed from the obverse side and polishing continued 
from both sides to complete perforation by the normal window 
technique. 
A second method of preparing thin foils consists of 
mechanical grinding followed by ion beam thinning. A 
3mm diameter disc was cut from a 0.38mm thick nitrided 
specimen by an ultrasonic drill and on one side the nitrided 
layer was removed by grinding to the depth at which the 
microstructure was to be studied. The specimen was turned 
over and ground on the reverse side until the disc was 120 gm 
thick and the specimen was then placed in the ion beam 
thinner shown schematically by Figure III. 5. Only one ion 
gun was directed on the reverse-side at a potential of 8 kV 
under a pressure of -5x10 
3 Pa of Ar which gave a , current 
of 90-100µA. The angular inclination of the specimen to 
the ion-beam was approximately 30°. Under these conditions 
a thinning rate of 3µm per hour was achieved. After 
perforation both guns were used at a thinning angle of 5-100 
in order to provide a smooth surface with the maximum of 
thinned area. 
The advantages of ion-beam thinning over chemical methods 
of polishing for the present samples are that larger thinned 
areas are produced and, as Morris (1979) has shown, handling 
of brittle specimens is facilitated. 
Figure III. 5 
Ion-beam thinning apparatus 
+ 
I 
+ 
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TEM specimens were prepared from carbon replicas. 
Samples were mounted in bakelite, polished and etched in 1% 
nital and then coated with plastic. The dried plastic film 
was stripped from the specimen, shadowed with Au-Pd alloy 
and then carbon coated before dissolving the plastic in 
acetone and depositing the carbon replica on a copper 
support grid. 
TIIM was carried out using either Philips IIm 300 or 
Jeol 100U electron microscopes both equipped with gonio- 
meter stages. 
Scanning electron microscopy (SEM) studies of fracture 
surfaces of tensile or bend-test specimens were made on 
uncoated specimens in either a Jeol T20 or a Cambridge 
stereoscan S600 equipped with EDAX facilities. 
III. 7 X-ray methods 
The identification of phases in wire samples was 
carried out by taking X-ray powder photographs with a Unicam 
90mm diameter camera using LiF single-crystal reflected 
monochromatic CrKa radiation in order to minimise background 
intensity. The films were compared with standard films of 
iron nitrides and chromium nitrides. The iron nitrides were 
i 
I prepared in a horizontal furnace from pure iron powder 
(sponge iron, Johnson Mattley Ltd. ) nitrided at temperatures 
and NH3: H2 ratios according to Lehrer's data (1930); see 
Figure III. 4. CrN was obtained by nitriding chromium 
powder in 95NH3: 5H2 at 900°C while Cr2N was obtained 
together with CrN by pressure nitriding with molecular 
nitrogen at 35atm and 10000C for 75 hours; see Roberts, 
1970. 
The lattice parameters of the different phases were 
calculated from the line positions on the X-ray films 
measured with a glass scale (Hilger & Watts Ltd. ). 
The identification of the phases distributed through 
the nitrided layer was carried out by progressively grinding 
a flat specimen and recording an X-ray reflexion scan using 
a Philips diffractometer with graphite-crystal monochromated 
Cu Ka radiation after successive removal of each 59m. 
Thermal expansion coefficients of yl-Fe4N (prepared 
as mentioned above) was determined from powder photographs 
taken every 50°C in the range 20°-550°C. A high temperature 
camera contained in a vacuum system to minimise atmospheric 
absorption of the diffracted beams was used with Fe-filtered 
Co-Ka radiation and lattice parameters were calculated by 
Nelson-Riley (1945) extrapolation. 
111.8 Mechanical testing 
41 
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Mechanical testing was carried out on an Instron 1115 
with automatic chart control and stepped zero suppression 
facilities. 
For tensile tests flat specimens of 20mm gauge length 
and cross section of either 0.38x5mm or 1x5mm were used and 
for which the strain rates were 1.7x10 
4s-1 
and 
4.2x10 
4s-1 
respectively. 
Three-point and four-point bend tests were made on flat 
sheets (1mm or 0.38mm thick) and on tubes using two different 
bending speeds, 3.3x10 
3mm 
8-1 and 3.3x1O -2 mm B -1 - For 
the three-point bend the span of the bend jig was 19mm while 
for four-point bending the inside and outside spans were 
respectively 10mm and 20mm. 
42 
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Chapter IV 
SCOPE OF THE PRESENT INVESTIGATION 
The present study was proposed by the U. K. A. E. A. in 
order to understand and expand on previous empirical work 
carried out at Springfields Laboratories which had shown that 
nitrogen was a promising method for the embrittlement of 
nuclear fuel cans in order to aid spent-fuel recovery. A 
combination of optical microscopy, electron microscopy and 
X-ray diffraction has been used to determine the phase 
distribution in the nitrided layer in order to explain the 
nitriding kinetics and the mechanical properties of 
nitrided AISI 316. 
In Chapter V the effect of temperature, cold-working 
and nitrogen potential of the gas mixture on the phase 
distribution in the nitrided case is reported while in 
v 
Chapter VI the microstructure and nature of the precipitation 
in the different subscales of the nitrided layer at 6000 and 
800°C are described. The formation of y' -Fe4N on 
samples nitrided at high temperature (800°C)is explained. 
In Chapter VII abnormally high nitriding rates at low 
temperature (< 650 °C) are reported and are explained by the 
appearance of cracks due to formation of a thick "white ' 
layer" at reaction temperature; at higher temperatures 
internal nitriding theory is valid. A complete study of 
the influence of carbon in solid solution or as a 
precipitate has been necessary to explain the difference 
in nitriding kinetics between AISI L316 and AISI 316. 
The mechanical properties of nitrided AISI 316 are 
presented in Chapter VIII. No mathematical model is given 
but the difference in bending behaviour ie explained in 
terms of microstructure. 
In Chapter IX general observations on nitriding of 
stainless steels are described and the advantages and 
disadvantages of different surface phases for industrial 
use are discussed. 
Finally, Chapter X presents the conclusions of the 
present study with suggestions for further investigation 
and development of the gaseous nitriding of stainless 
steels. 
44 
t 
45 
Chapter V 
NITRIDING OF AISI 316 
V. 1 -Introduction 
The phases formed by nitriding at constant activity 
depend on the nitrogen potential of the gas mixture and on 
the temperature. Nitriding stainless steel is difficult 
(Turkdogan & Ignatowicz, 1959; Wilson, 1978) due to the 
formation of a passive film of oxide on the surface of the 
specimens. Ion-nitriding (or plasma-nitriding) is often 
used in industry for nitriding stainless steels such as 
AISI 304, as one advantage of glow discharge over other 
methods of nitriding is the depassivation of the surface. 
Previous work carried out at Newcastle in nitriding 
AISI 316 in pure ammonia at 5500 and 600°C (Wilson, 1978) 
showed that a hard and duplex nitrided case is formed, 
although the layer is often uneven and cracked. X-ray 
analysis showed the presence of C -Fe 2Ni-X, y'Fe4N, CrN, 
Y and Ct phases. Chromium nitrides are thermodynamically- 
more stable than iron nitrides (see Table V. 1 and Figure V. 1) 
and so the formation of c Fe N and 'j' -Fe 4N requires 2 1-x 
a higher nitrogen potential (Lehrer, 1930) than is required 
for chromium nitrides (Mortimer, 1971). ' 
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Chapter V 
NITRIDING OF AISI 316 
V. 1 -Introduction 
The phases formed by nitriding at constant activity 
depend on the nitrogen potential of the gas mixture and on 
the temperature. Nitriding stainless steel is difficult 
(Turkdogan & Ignatowicz, 1959; Wilson, 1978) due to the 
formation of a passive film of oxide on the surface of the 
specimens. Ion-nitriding (or plasma-nitriding) is often 
used in industry for nitriding stainless steels such as 
AISI 304, as one advantage of glow discharge over other 
methods of nitriding is the depassivation of the surface. 
Previous work carried out at Newcastle in nitriding 
AISI 316 in pure ammonia at 5500 and 600°C (Wilson, 1978) 
showed that a hard and duplex nitrided case is formed, 
although the layer is often uneven and cracked. X-ray 
analysis showed the presence of C -Fe2Ni-r, y' Fe4N, CrN, 
Y and Cf phases. Chromium nitrides are thermodynamically 
more stable than iron nitrides (see Table V. 1 and Figure V. 1) 
and so the formation of c -Fe2N1-X and Y"-Fe4N requires 
a higher nitrogen potential (Lehrer, 1930) than is required 
for chromium nitrides (Mortimer, 1971). 
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Table V. 1 
Thermodynamic data for the formation of metal 
nitrides (Kubaschewski & Alcock, 1979) 
nitrides o So 298 298 
kJ J/K 
4Fe + 1/2N2 t Fe4N 
Cr + 1/2N2 ý-ý crN 
2cr + 1/2N2 cr2N 
3Ni + 1/2N2 Ni3N 
21, io + 1/2N2 ---2b mop 
-11.1 155.6 
123 328.4 
- 114 74.1 
- +0.8 
- 69 87.9 
Figure V. 
The standard free energy of formation 
of some nitrides 
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The reference states are pure phases which are 
stable at one atmosphere pressure and the 
designated temperature. 
The phases formed on nitriding depend on the temperature 
and the nitrogen potential of the gas mixture and also on 
the gas flow-rate because of the dissociation of ammonia; 
see Table III. 2A. Variation of the phase distribution 
through the nitrided layer is also expected due to the 
decrease in nitrogen potential from the surface to the core 
(Lightfoot & Jack, 1975)" 
During heat-treatment of cold-worked material 
recrystallisation occurs very slowly at 6000C and partial 
recrystallisation is observed at 800°C. Thus the micro- 
structure of the case of cold-worked samples depends on the 
nitriding temperature and on the degree of cold-working. 
Nitriding of (i) annealed, (ii) 2d/ cold-worked 
and (iii) 6336 cold-worked specimens containing 0.02wo C 
was carried out between 500 ° and 800°C in pure ammonia and 
also for annealed samples in ammonia: hydrogen mixtures. 
Several etching reagents were used to show the differences 
in microstructure of the nitrided layer; see Mridha & Jack, 
1982a. Samples were quenched from the reaction temperature 
to retain the nitrided structure and the phase distribution 
was compared with that of air-cooled samples. 
The nitriding of 2C% and 63% cold-worked materials was 
compared with annealed and nitrided specimens, and the 
recrystallisation of cold-worked samples has been followed 
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during heat-treatment for up to 100 hours at 6000 and 800°C. 
The surfaces of 2a% and 63% cold-worked samples were 
examined by X-ray diffractometry before and after nitriding 
and are compared with annealed specimens. 
V. 2 Effect of temperature on nitriding in pure ammonia 
The surface appearance of nitrided specimens changes 
with nitriding temperature and cooling-rate. Specimens 
nitrided at 600°C have a silvery surface with blisters if 
air-cooled while at 800°C a matte-grey appearance is 
observed which darkens when specimens have been quenched. 
Figure V. 2 shows SEM micrographs of the surface of samples 
nitrided at 600 
0 
and 8000 and air-cooled. The micro- 
structure of specimens nitrided at 800°C (d) is coarser than 
that nitrided at 600°C (b), while specimens nitrided for 
only 2 hours ((a) at 600°C and (c) at 800°C) show a smoother 
surface than those nitrided for 74 hours. This is explained 
by precipitation of c -Fe2N1-X which is incomplete after 2 
hours nitriding. C -Fe 2N1-X has been reported to grow 
outwards from the original iron surface while y'-Fe4N 
grows inwards. Thus, when the -layer of y/-Fe4N is formed 
the rate of formation of C decreases. The photo-micro- 
graphs of Figure V. 2 show clearly that s nucleates and grows 
on the steel surface and completely covers the surface after 
2 hours. No difference on surface appearance is detected 
between 16h and 74h of nitriding. 
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Figure V. 2 
SEi1 micrographs of AISI L316 nitrided in 
pure atronia 
(a) at 600°C for 2h 
(b) at 600°C for 74h 
(c) at 800°C for 2h 
(d) at 800°C for 74h 
All samples air-cooled 
O 
N 
(a) Optical microscopy of the nitrided layer 
Nitrided and air-cooled specimens sectioned perpendicular 
to the surface when etched in 2% nital or 10 picral: l nital 
consist of a white surface layer and an etched subscale for 
all nitriding temperatures. 
Nitriding at 500°C gives a thin nitrided layer which is 
uneven and not well defined. The case is very hard, brittle 
and breaks easily (Figure V. 3) while samples nitrided at 
550°C show a more even case composed of a "white layer" and 
a fine subscale (Figure V. 3). 
A three-layer case is formed at 600 °C but only a two- 
layer case is observed on air-cooled specimens at 7000 and 
800°C (Figure V. 4). The "white layer" of 20 µm is 
already formed at 600°C after 1 hour nitriding and does not 
grow with time (Figure V. 5) and no difference is observed 
between the air-cooled sample of Figure V. 6(a) and the 
quenched sample of Figure V. 6(b). The "white layer" on 
samples quenched from 700°C is thinner than on samples air- 
cooled from 700°C (Figure V. 7) and is absent on specimens 
quenched from 800°C; see Figure V. 8(b). 
Other etching solutions have been used (see Table III. 3) 
to study the metallography of the nitrided layers and a 
difference in the attack of the "white layer", depending on 
the nitriding temperature, is observed when etched in 
sulfate-chloride solution (Figure V. 9). The "white layer" 
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Figure V. 3 
Optical micrographs of AISI L316 nitrided in 
pure ammonia for 24h at 5000 and 5500 C; 
etched in 290 nital 
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Figure V. 4 
Optical micrographs of AISI L316 nitrided in pure 
ammonia for 24h at 600°, 7000 and 800°C; etched 
in 10 picral: 1 nital 
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1Uµ 
II 
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Figure V. 5 
Optical micrographs of AISI L316 nitrided in 
pure ammonia at 6000C for 1hß 10h and 24h; 
etched in 2% nital 
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Figure V. 6 
Optical micrographs of AISI L316 nitrided in 
pure ammonia for 24h at 600°C; etched in 
2; % nital 
(a) air-cooled 
(b) quenched 
q ý- 
Figure V. 6 
Optical micrographs of AISI L316 nitrided in 
pure ammonia for 24h at 800°C; etched in 
2% nital 
(a) air-cooled 
6 (b) quenched 
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etches darker when ylFe4N is formed at nitriding 
temperature, for example at 600°C, than when it is formed by 
air-cooling from 800°C; see Figure V. 9. This reagent also 
shows a difference in the inner subscale at 700C and 800C 
°° 
which may be explained by the presence of Cr2N or by a 
lower nitrogen concentration than on the surface. Mridha & 
Jack (1982a) reported that picral and Oberhoffer's reagent 
were among the best etching solutions to distinguish 
y' -Fe4N from C -Fe 2N1-X. However, in 
the present study 
no differences in the attack of the compound layer were 
observed which may be explained by the difference in the 
chromium concentrations (3wt% for Mridha & Jack compared 
with 17wt) or by the presence of nickel in AIS1316. 
Marble's reagent was found to be the best etchant to show the 
carbide precipitation that occurs ahead of the nitrided layer 
(Lightfoot & Jack, 1975; Mridha & Jack, 1982b) and Figure 
V. 10 shows specimens etched in this way containing 0.02w-V% 
and 0.07wWo C and nitrided at 600 
° and 800°C. 
Specimens containing 0.07wt% C, nitrided at 800°C for 
48h are almost through nitrided and the grain-boundaries in 
the core are visible without etching. The core, which 
remains unetched in 2% nital, is heavily etched by Marble's 
reagent (Figure v. 10) due to the high density of carbides 
which are formed by diffusion of carbon ahead of the nitrided 
layer. 
Specimens nitrided at 600°C (0.02wt% C) show a thin 
Figure V. 9 
Optical micrographs of AISI L316 nitrided in 
pure ammonia for 24h at 600 0', 7000 and 800oC; 
etched in sulfate chloride solution 
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Figure V. 10 
Optical micrographs of AISI L316 (0.02wt% C) 
(i) nitrided at 600% in pure ammonia for 24h 
(ii) nitrided at 800°C in pure ammonia for 100h 
and (iii) AISI 316 (0.07wt% C) nitrided at 8000C in 
pure ammonia for 48h 
all etched in Marble's reagent 
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interface between the nitrided layer and the core (also 
reported by Tyfield & Mackway, 1975), while specimens 
nitrided at 800°C show a thicker interface and also fine 
carbide precipitation in the core just below this layer; 
see Figure V. 10. 
(b) X-ray identification 
The distribution of phases in the surface layers 
depends on the nitriding temperature as well as on the 
cooling-rate. X-ray diffraction patterns of the surface of 
wire nitrided at 6000,700 
0 and 800°C and either air-cooled 
or quenched are shown in Figure V. 11. The very weak 
reflexions that are not indexed are from oxide formed during 
quenching. The measured lattice parameters of the different 
phases are given in Table V. 2. No Cr2N is detected on the 
surface of nitrided specimens but its structure is close to 
that of c -Fe2N1-x (Bywater & Dyson, 1975), and the 
lattice parameters of both phases change with nitrogen 
content. 
The following important observations can be made 
regarding Figure V. 11: 
(i) the intensity of ' -austenite reflexions 
on air-cooled specimens increases with temperature (a, c, e); 
(ii) the diffraction patterns of specimens nitrided 
at 6000 and 700°C and quenched (b, d) show the same phases 
Figure V. 11 
X-ray diffraction photographs of AISI L316 
nitrided in pure ammonia for 24h at 
600°C (a) air-cooled 
(b) quenched 
700°C (a) air-cooled 
(}) quenched 
and 800°C (e) air-cooled 
(f) quenched 
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as those air-cooled (a, c) but the lattice parameter of the 
E -phase decreases with increasing cooling-rate and 
nitriding temperature (b, d, e). This is consistent with 
the iron-nitrogen phase diagram which shows that the 
solubility of nitrogen in E decreases with increasing 
temperature. The approximate nitrogen contents of 
c -Fe2N1-X formed by nitriding AISI L316 at 600°, 700° 
and 800°C in pure ammonia are given in Table V. 2; 
(iii after nitriding at 800°C no y1 -Fe4N 
reflexions are observed in X-ray photographs of quenched 
samples (f) and optical metallography shows the absence of a 
"white layer" when etched in 2% nital (Figure V. 8(b)). 
However y'-Fe4N is not stable at temperature above 690°C 
(see Figure II. 9), although some increase of this temperature 
should be expected due to the presence of nickel. Thus the 
precipitation of yl-Fe 4N on samples nitrided at 800°C 
occurs during cooling while at 700°C some y4 is formed at 
nitriding temperature and the remainder by slow-cooling. 
Note that a difference in the thickness of the "white layer" 
is observed between slow-cooled and quenched specimens; see 
Figure V. 7; 
(iv) in samples quenched from 800°C a double 
reflexion of y -austenite is observed which corresponds to 
austenite of two discrete compositions. 
No E -Fe2N1-x reflexions are observed in specimens 
nitrided at low flow-rates (0.15 and 0.03cm s-1) at 7000 and 
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800°C and only y Fe4N, CrN and y reflexions are present. 
At these flow-rates dissociation of ammonia is significant 
(see Table 111.2) and therefore the actual nitrogen potential 
is not sufficiently high to form C -Fe2Ni-x (see Figure 
III. 4). The presence of y'-Fe4N in samples nitrided at 
800°C is due to slow cooling as described above. 
The phase distribution through the nitrided layer was 
studied for specimens nitrided at 600 
°, 700 ° and 800°C for 
24 and 100 hours and then air-cooled. After 24 hours at 
600°C and 800°C (Table V. 3) C -Fe 2N1-X is present only 
on the surface of the specimens and in the thicknesses of 
less than 5µm. The difference between specimens nitrided 
at 6000 and at 800°C is in the variation of intensity of the 
Y' Fe4N pattern with distance from the surface. In 
specimens nitrided at 600°C, y'reflexions are observed up 
to a depth of 50 µm although optical microscopy shows a 
"white layer" of only .v 20 µm (Figure V. 4). Thus the 
"dark-etched" layer of specimens nitrided at 600°C must also 
contain y' . At 800°C, the "white layer" of 10-15 µm 
(Figure V. 4) is in agreement with the X-ray depth profile 
(Table V. 3). The presence of a -ferrite is observed at 
approximately 80 µm depth for both specimens but whereas 
at 600 
°C the reflexions are always weak, at 800°C they are 
relatively strong. Next to the interface the austenite 
reflexions become broad corresponding to a range of nitrogen 
concentration; see Figure V. 12 for 600°C and Figure V. 13 
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Table V. 3 
Phase distribution in the nitrided layer of specimens 
nitrided in pure ammonia-for 24-hours and air-cooled 
tempera- 
ture 
0C 
distance 
from 
surface 
µm 
Fe2N1-X Fe4N 
phases 
CrN y a Cr2N 
600 0 S VS S 
5 vs s 
10 vs S vw 
20 vs S W 
25 S S M 
30 M S M 
35 W S S 
50 S vs 
70 s vs 
110 S vs vvW 
120 S S diffuse W 
140 M low VS Ls,.. W 
150 
I11ISi1 W 
low VS 
high W 
800 0 SSS W 
10 MS M 
15 vw s m 
30 s s 
40 s vs 
80 s vs m WW 
90 S high ý M VW 
120 S low VS M VW 
125 S 
high VW 
broad m VW 
135 S broad m W 
138 M broad m W 
140 broad YW W 
VS: very strong W: weak 
S: strong VW : very weak 
M: medium VVW: very very weak 
Figure V. 12 
AISI L316 nitrided at 600°C in pure ammonia for 
24h. X-ray diffraction photographs at depth of 
(a) 130 µm 
m (b) 145 9 
and (c) 150 µm 
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Figure V. 13 
AISI L316 nitrided at 800°C in pure ammonia 
for 24h. X-ray diffraction photographs at 
depths of 
(a) 1? 5 µm 
and (b) 145 11 m 
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for 800°C. At 800°C weak reflexions of Cr2N are present 
from 90 µm depth up to the interface between case and core. 
As CrN is precipitated, the chromium concentration in the 
austenite decreases and ferrite is formed (see Figure II. 4). 
Cr2N then precipitates in a ferritic matrix because at this 
depth the nitrogen concentration is lower than at the surface. 
With increasing nitriding time at 800°C the thickness of the 
layer containing a -ferrite increases and so the formation 
of a must occur at the nitriding temperature. Quenched 
specimens show the same phase distribution in the inner 
subscale as those air-cooled, but AISI 316 samples heat- 
treated in an inert atmosphere and quenched from 800°C do 
not contain ferrite. 
Specimens nitrided at 550°C show the same phase 
distribution as those at 600°C, while for samples nitrided 
at 700°C the phase distribution is similar to that at 800°C 
except that Cr2N and a -ferrite are extremely weak. 
From optical observations and X-ray diffraction 
measurements conclusions can be drawn concerning the 
distribution and composition of phases in the nitrided layer. 
For samples nitrided at 6000 C. the nitrided surface is made 
up of: (i) a compound layer ("white layer") which consists 
of a very thin layer of C -Fe 2N1-X and a layer containing 
Y1 -Fe4N+CrN; 
(ii) a "dark-etched" layer of Y Fe4N 
+CrN+y ; and (iii) aninner subscale of y +CrN which 
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f 
grows with nitriding time. Some a -ferrite is also present 
0 
next to the core. At 800 C there is a thin layer of E 
and the "white layer", which is formed by slow-cooling 
consists of y '+CrN+ y. The inner subscale at 800°C can 
be divided in two parts: (i) a layer of y +CrN; and 
(ii) a layer of CrN+Cr2N+ y+a which grows with 
nitriding time. At both temperatures the austenite shows 
a sharp gradient of nitrogen concentration next to the 
interface between case and core. The nitrided layer formed 
at 700°C consists of c with a "white layer" of yl-Fe 4N+ 
CrN and an inner subscale identical to that formed at 800°C 
but with less Cr2N and a -ferrite. 
The difference in etching behaviour of the compound 
layer observed in Figures V. 4 and V. 9 is due to precipitation 
of y1-Fe4N. At 600°C the "white layer" is followed by an 
inner "dark-etched" layer (Figure V. 4) which, as X-ray 
diffraction shows, contains y -Fe 4N 
(Table V. 3). The 
different response to sulphate-chloride etching (Figure V. 9) 
with nitriding temperature arises because y' is precipitated 
at the nitriding temperature at 600°C but not at 700 ° and 
800°C, whereas it precipitates on cooling from 700 
° and 800°C. 
The lighter layer observed in the inner subscale at the 
highest temperatures corresponds to the presence of Cr2N 
and a -ferrite together with CrN+Y . However, the 
nitrided layer is complex as shown by the nitrogen profiles 
of air-cooled samples nitrided for 24 hours; see Figure x. 14. 
High surface nitrogen concentration corresponding to the 
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Figure V. 14 
Schematic nitrogen profile of AISI L316 nitrided 
at 600°, 700 ° and 800°C in pure ammonia for 24h 
and air-cooled 
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formation of C and y' is obtained at 700 0 and 800°C but 
the nitrogen concentration then drops sharply and reaches a 
constant level. At 600°C the change from "white layer" to 
inner layer is not so sharp and the nitrogen potential 
decreases continuously. through the case. This is due to the 
formation of y1 -Fe4N much further into the nitrided layer 
than at higher temperatures; see Table V. 3 and Figure V. 4. 
A sharp drop is observed at the case-core interface at all 
temperatures. 
(c) Microhardness profiles 
The microhardness profiles of air-cooled specimens 
nitrided at 6000,7000 and 8000C for 24 hours in pure ammonia 
are shown in Figure V. 15. An apparent decrease in micro- 
hardness for specimens nitrided at 600°C is observed close to 
the surface but tests in this part of the layer are not 
reliable due to the formation of cracks underneath the "white 
layer" (see Figure V. 5). The difference in lattice 
parameter between V1 -Fe 4N and Y -austenite containing 
nitrogen corresponds to an increase in volume of approximately 
12%. The thermal expansion coefficient of yý -Fe4N 
measured in the present study gives a= 9x10 
6 oC 1 while 
C( = 6.5x10 
5 oC-1 for AISI 316 (Peckner & Bernstein, 
1977). Therefore the increase in volume corresponding to 
the formation of iY Fe4N from AISI 316 is smaller at 
nitriding temperature than at room temperature but is still 
Figure V. 15 
Microhardness profiles of AISI L316 nitrided at 
600°, 700° and 800°C in pure ammonia for 24h and 
air-cooled 
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significant. The "white layer" is thus in compression at .. 
all temperatures. When this compound layer thickens the 
stresses relax at the outer surface but the inner surface is 
constrained to give a bending force which causes the outer 
surface to lift outwards and produce lateral cracks. The 
"white layer" is reported to be the hardest and most brittle 
part of the nitrided layer and its spalling is such a 
problem that its formation is avoided in industrial practice; 
see Bell et al., 1975; Brokman et al., 1979" 
The present results show however that hardening of the 
diffusion layer of samples nitrided at 600°C is also 
extremely high but decreases with nitriding temperature (see 
Figure V. 16). The high hardness obtained at 550°C and 600°C 
drops sharply between 600 
0 
and 650°C to become almost constant 
° 
above 750 C. A similar profile is reported by Lebrun et al. 
(1972). In Figure v. 16 the microhardness of the inner sub- 
scale of specimens nitrided at 50000 is not shown because 
this layer is not well-defined (see Figure V. 3) but a VMN 
(50g) of 845 has been measured. The decrease in micro- 
hardness with increasing nitriding temperature can be 
explained by coarsening of the structure of the inner sub- 
scale as shown by the optical micrographs of V. 6-V. 8 and 
more clearly by the TIIM micrographs of Figure V. 17 and the 
carbon replication of the inner subscale; see Figures V. 18 
(b), (c) and (d). * Figure V. 18(a) represents the structure 
of the "dark-etched" layer (Figure V. 4) of samples nitrided. 
Figure V. 16 
Variation of microhardness of the inner subscale 
of nitrided AISI 316 with nitriding temperature 
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Figure V. 17 
TEM micrographs of the (y+ CrNJ) layer in specimens 
of AISI L316 nitrided in pure ammonia for 24h at 
6000 and 700°C 
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Figure V. 18 
TEN micrographs of carbon replicas of AISI L316 
nitrided in pure ammonia for 24h: 
(a) 600°C "dark-etched" layer 
(b) 600°C inner layer 
(C) 700°C inner layer 
(d) 800 °C inner layer 
N 
at 600°C. Overaging and coarsening of the structure of the 
diffusion layers is expected to occur during prolonged 
nitriding but only a slight decrease in hardness is observed 
with increasing nitriding time; 
error bars of Figure v. 16. 
the decrease is within the 
V. 3 Effect of cold-work on the structure of the nitrided 
layers 
(a) Recrystallisation of AISI L316 at 600 ° and 800°C 
At 600°C, recrystallisation of 2c%6 and 6}'/o cold-worked 
AISI 316 is very slow and even after 100h heat-treatment the 
microhardness is still high (Table V. 4). Figures V. 19(b) 
and (e) show the microstructures of 2C% and 63°ßö cold-worked 
materials respectively after heat-treatment at 600°C for 24h 
while in (a) and (d) the microstructures of as-received 
material with respectively 2C1/ and 63% cold-work are shown. 
At 800°C, partial recrystallisation occurs in the first 2h, 
and the microhardness decreases from 246 to 226 VMN (50g) 
for 203ö cold-work and from 397 to 227 VIN (50g) for 63% cold- 
work. Between 2 and 72.5h the hardness decreases only 
slightly and reaches 210 VMN (50g); see Table V. 4. For 
fully annealed samples the hardness is around 150 VMN (50g). 
At the temperatures investigated, grain-growth is negligible 
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and Figures V. 18(c) and (f) show respectively the micro- i 
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Table V. 4 
The microhardness of cold-worked and heat-treated samples of 
AISI L316 and of the surface layer of-nitrided specimens 
tempera- time VMN (50g) maximum 
ture specimens after heat- VMN (50g) 
oC h treatment of nitrided 
without case 
nitriding 
600 0 203ö cold-worked 246 
2 246 933 
6 246 873 
16 it 237 762 
24 if 241 746 
48 233 724 
72 it 231 683 
100 to 222 680 
0 63% cold-worked 397 
2 397 933 
6 it . 397 845 
16 392 769 
24 392 769 
48 390 735 
72 376 693 
100 it 366 683 
800 0 2U/ cold-worked 246 
2 to 226 521 
6 224 506 
24 it 222 461 
48 it 215 450 
72.5 of 208 420 
0 6y'ý6 cold-worked 397 
2 227 593 
6 " 226 578 
24 224 563 
48 It 220 548 
72,5 211 508 
Figure V. 19 
Optical micrographs of AISI L316 etched in 19/ä oxalic 
acid: 
(a) 29/0 cold-worked as received 
(b) 29/6 cold-worked and heat-treated at 600°C 
for 24h 
(c) 2U/6 cold-worked and heat-treated at 800°C 
for 24h 
(d) 63% cold-worked 
(e) 67/u' cold-worked and heat-treated at 600°C 
for 24h 
and (f) 63/ cold-worked and heat-treated at 800°C 
for 24h 
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structures of 2(7/10 and 6y/ä cold-worked samples heat-treated 
at 800°C for 24 hours. At both temperatures after prolonged 
heat-treatment the microstructure of 20% cold-worked specimens 
is close to that of as-received materials but a significant 
difference is observed with 63% cold-worked specimens. The 
relatively high microhardness of the core of samples heat- 
treated at 800°C for 72.5h compared with solution-treated 
alloys is due to carbide precipitation (Figure V. 19(c) and 
(f)) which is accelerated by cold-working (Figure 11.8). 
(b) Optical microstructure of the nitrided layer 
When etched in 2% vital, cold-worked specimens nitrided 
at 600°C show a white layer which does not grow with 
nitriding time. The microstructures of the cases of 2C% and 
63% cold-worked samples nitrided at 600°C are shown in 
Figure V. 20. The 2U/G cold-worked sample (a) has the same 
appearance as the nitrided layer of fully annealed samples- 
(some white precipitates are also seen in the grain 
boundaries of the "dark-etched"part) while the rolling 
texture is clearly retained in the nitrided layer of the 63% 
cold-worked specimen 
(b). Specimens nitrided at 800°C and 
quenched do not show a "white layer" (Figure V. 21). When 
nitriding highly deformed specimens at 800°C recrystallisation 
has not taken place during the first stages of nitriding and 
therefore the surface of the nitrided layer still retains the 
cold-worked structure. Then, when recrystallisation occurs, 
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Figure V. 20 
Optical micrographs of AISI L316 nitrided in pure 
annonla at 600°C for 24h and quenched; etched in 
2% nital 
(a) 2U% cold-worked 
(b) 63/1ö cold-worked 
. -. 4 
1Uµ 
2W =ý 
(a) 
(b) 
A 
Figure V. 21 
Optical micrographs of AISI L316 nitrided in pure 
ammonia at 800°C for 24h and quenched; etched in 
2% nital 
(a) W/o cold-worked 
(bý 63 cold-worked 
(a) 
20u 
(b) 
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grain growth is limited by the precipitation of nitrides. 
This sequence explains the difference in the microstructures 
of 20W/ cold-worked (a) and 63% cold-worked (b) nitrided 
layers shown in Figure V. 21. Vickers microhardness numbers 
of the nitrided subscales of cold-worked specimens are given 
in Table V. 4 for different degrees of reduction, nitriding 
temperatures and times. The relatively high value of 
508 VMN (50g) for the nitrided case at 800°C after 72.5h 
nitriding in the 636 cold-worked materials clearly shows that 
some of the cold-worked structure is retained. 
(c) X-ray identification 
Specimens with 20% cold-work show little evidence of 
texture and the strongest reflexion on X-ray diffractometer 
traces is {200} , as is the case for as-received material. 
63'/ cold-worked samples show a pronounced (iii texture, 
that is a {111} surface orientation while the ý 220 } 
reflexion is weak. 
After nitriding cold-worked samples and quenching from 
600°C, C -Fe 2N1-x, yl-Fe 4N and CrN are identified in the 
surface layer, while for specimens nitrided at 800°C and 
quenched only Y -austenite and CrN are detected. However 
when samples nitrided at 800°C are examined on a 90mm ünicam 
powder camera very weak reflexions of C Pe2N1-x or Cr2N 
are detected and 63/o cold-worked samples show faint reflexions 
of b. c. c. a -ferrite. Slightly deeper in the nitrided 
layer Cr2N precipitates are also present. 
The intensities of y' Fe4N reflexions have a strong 
orientation dependance and for annealed and 20/16 cold-worked 
samples the J200) and 
{220} have equal intensity but 
for 6 VD cold-worked samples the { 111 
} reflexion is the 
strongest as would be expected from the preferred orientation 
of the rolled sheet. When nitriding at 600°C the 
intensities of C Fe2N1-x and ylFe4N reflexions 
increase with nitriding time although no difference in the 
thickness of the "white layer" is detected by optical 
microscopy. 
X-ray analysis through the nitrided layer of a specimen 
63% cold-worked and nitrided at 6000C shows the presence of 
three zones: (i) E+ y'+CrN; (ii) y'+CrN+ y; and 
(iii) CrN+ y +a . The layer containing a -ferrite is 
thicker than in annealed specimens. The nitrided layer of 
specimen 6% cold-worked and nitrided at 800°C is uniform but 
the intensities of a and Cr2N reflexions increase 
slightly through the nitrided layer. Cold-working enhances 
the formation of -a -ferrite during nitriding but does not 
affect the precipitation of iron nitride. 
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V. 4 Effect of nitrogen potential on phase distribution 
A difference in phase distribution in the nitrided 
layers is expected by varying the nitrogen potential of the 
gas mixture and so this was investigated at 6000 and 800°C. 
The phases identified on the surface of quenched specimens 
are given in Table V. 5 although lower nitriding temperatures 
often give an uneven case. At 600°C no y1 -Fe4N or 
"white layer" were observed for an NH3: H2 ratio less than 
40: 60 as predicted by calculation (see section V. 5), and 
at 800°C no yI Fe4N is expected to form even in pure 
ammonia. When nitriding at 600 
°C at potentials lower than 
50NA3: 50H2 the phase distribution is not always consistent 
with thermodynamic prediction and the results are not always 
reproducible. Formation of the "white layer", which is a 
consequence of the precipitation of C Fe2Ni_X or 
y' Fe4N is necessary to get a uniform layer as shown by 
-the specimen exposed 15 min in pure ammonia prior to reducing 
the ammonia concentration in the gas mixture. By nitriding 
for 15 min at 600°C in pure, ammonia a very thin white layer 
is formed (Table V. 5) and this seems adequate to obtain a 
uniform nitrided layer. 
V. 5 Discussion 
The differences observed in the surface microstructure 
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Table V. 5 
Phases identified after nitriding in a=onia: 
hydrogen-mixtures-for-24h, -and-quenching.... 
nitriding conditions phases thickness 
hite tempera- NH3 : H2 C -Fe2N1-X Fe4N CrN layer" ture 
0C gm 
600 80 : 20 x x x x 16 
70 : 30 X* x x x 13 
60 : 40 x* x x x 13 
60 : 40 X* X X 9 
55 : 45 x* X; X 6 
40 : 60 X X 
25 : 75 x x 
10 : 90 x x 
15min-100: 0+40: 60** Xý X X X 11 
800 70 : 30 x x 
40 : 60 X X 
weak reflexion 
the specimen was exposed for 15 min in 
pure ammonia prior-to nitriding in 
40NH3: 60H2 for 24h. 
I 
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of nitrided specimens are the consequence of differences in 
the phase distribution and reaction temperature. 
The nitrogen potential and hence the NH3: H2 ratio 
required to precipitate iron nitrides in ferrous alloys at a 
given temperature (T) can be calculated from the following 
equations: 
4Fe +N y1-Fe4N .... V. 1 - Iv- 
3Fe +N ,ýC -Fe3N .... V. 2 
with equilibrium constants respectively 
aF'e N KI(T) =4 
.... v. 3 N . aj'e 
and K2(T) = 
aPe3N 
aNaFe 
assuming that the activity of the iron nitrides are unity 
then from equation V. 3 aN DC 
14 
and from equation 
N 
V. 4 aN cc 
13, 
using the approximation ape = NFe 
NFe 
where NFe is the atomic fraction of Fe in the alloy 
(in AISI-316 NFe = 0.661). 
The formation of y 1-Fe4N by nitriding in ammonia 
can be regarded as a combination of equations 111-4 and V. 1 
and can be written: 
4Fe + NH3(g) ý-. _ Fe4N + 3/2 H2(g) .... V. 5 
with an equilibrium constant 
aFe N PH2 
3/2 
4 K(T) =x.... V. 6 
aFe 3 
Data for the standard free energies Li G1 (T) and Li G2 (T) 
of reactions III. 4 and V. 1 respectively are available 
(Kubaschewski & Alcock, 1979): 
A G1 (T) = -10400 + 7.1T log T-3.79T (calories) .... V. 7 
G2 (T) - -200 + 11.62T log T+ 24.85T (calories) ... V. 8 
Thus, the free energy A G° (T) for the reaction V. 5 is 
A G°(T) =0 G2 (T) -D G1 (T) .... _ 
V. 9 
= 10200 + 4.52T log T- 28.64T .... V. 10 
But LSG°(T) =- RT In K(T) .... V. 11 
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and from equations V. 6, V. 10 and V. 11, 
3/2 
RT In 4x -2 - -10200-4.52T log T+28.64T .... V. 12 
ape4 PNH 3 
Putting aFe = NFe = 0.661 and aFe4 N=1.0, then at 
NH 
600°C a ratio pH 32=0.829 
is required to precipitate 
2 
y'-Fe4N which corresponds to 39NH3: 61H2 when nitriding 
at amospheric pressure, and is in agreement with the 
experimental results presented in section V. 4. 
The minimum nitrogen potentials pNH IpH3/2 required 
32 
to precipitate E -phase at 700 
° and 800°C from pure iron 
austenite are 0.110 and 0.091 respectively from Lehrer's 
diagram (Figure III. 4). Thus the potentials required for 
AISI 316 are approximately 0.110/(0.661)3 = 0.381 at 700°C 
and (0.091)/(0.661)3 = 0.315 at 800°C which correspond 
to 25NH3: 75H2 and 22NH3: 78H2 respectively. However, 
the degree of dissociation of ammonia at 800°C (Table 111.2) 
is sufficiently high that the actual percentage of ammonia 
during the experiments at 800°C given in Table V. 5 must be 
lower than the 2226 calculäted above since no C is observed. 
The nitrogen potential decreases through the nitrided 
layer and therefore the phase distribution varies, but a 
sharp difference is observed only at the interface between 
the case and the core. 
At temperatures of 600°C and lower in pure ammonia a 
thick "white layer" is formed at nitriding temperature and 
corresponds with formation of massive yý -Fe4N and 
precipitation of CrN. In fact, yl-Fe 4N formed at 600°C 
in the "white layer" has a lower lattice parameter (3.784 
than that in the "dark-etched" layer (3.789 R) or that 
formed by slow-cooling from 800°C which suggests that on the 
surface at 600°C the phase formed is y' -(Fe, Ni)4N as 
reported by Lebrun et al. (1972). The thickness of the 
"white layer" decreases with decrease in nitrogen potential 
in the gas mixture and is not formed below 40NH3: 60H2 (see 
Table V. 5). The "white layer" does not grow with nitriding 
time which suggests that the nitrogen potential decreases 
very rapidly through the nitrided layer. Further details 
of precipitation of y' -Fe4N and the formation of the 
"white layer" are reported in Chapter VI where the formation 
of a -ferrite is also discussed. 
During nitriding a carbon rich layer is formed at the 
case-core interface by diffusion of carbon ahead of the 
nitrided case. Evidence of carbon diffusion towards the 
centre in the present work is shown in Figure V. 10 and also 
by the increase in microhardness ahead of the nitrided layer 
in thin sheet (0.38mm) of AISI 316 containing 0.07wt% C 
nitrided at 800°C (Figure V. 2Z). Heat-treated samples do 
not show similar changes in microhardness. As nitrogen 
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diffuses, carbide precipitates dissolve and by precipitation 
Figure V. 22 
I4icrohardness profiles of AISI 316 (0.07wt7ý, C 
nitrided in pure ammonia at 800°C for the times 
shown 
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of chromium nitrides the chromium activity decreases and 
therefore the carbon activity increases (Natesan & Kassner, 
1973)" Carbon diffuses from a high activity to a lower one, 
that is from the surface towards the centre. When 
specimens are almost through nitrided the core contains a 
high carbon concentration which explains its very high 
microhardness due to precipitation of chromium carbides. 
V. 6 Conclusions 
(i) A combination of etching techniques and X-ray 
diffraction analysis have been used to determine the phase 
distribution in the nitrided layer. 
(ii) The formation of the different phases depends on 
the reaction temperature and the nitrogen potential. At 
low temperatures the nitrided layer is not always uniform, 
especially when the nitrogen potential is low. The production 
of a surface layer of Y'-Fe 4N leads to the development 
of a uniform nitrided case. 
(iii) Differences are-observed between air-cooled and 
quenched specimens at temperatures higher than 700°C where 
the "white layer", related to the formation of YI-Pe4N, is 
formed during cooling. 
I 
(iv) Cold-working affects the phase distribution in 
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the nitrided layers by facilitating heterogeneous 
precipitation of CrN which is related to the formation 
of a -ferrite. 
(v) Carbon is found to diffuse ahead of the nitrided 
layer. 
4 
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Chapter VI 
PRECIPITATION IN AISI 316 BY NITRIDING 
VI. 1 Precipitation at 600°C 
Optical microscopy shows that the nitrided case 
formed at 600 °C is composed of three different layers 
excluding the very thin layer of C -Fe2N, -x 
at the surface. 
These separate layers have been examined by transmission 
electron microscopy (TEM). 
TEM carried out on a thin foil of the surface of a 
nitrided specimen, that is of the compound layer, showed 
grains of single phase E -Fe2N1-x. However Fe2N, 
_X 
and 
Cr2N have similar crystal structures (Bywater & Dyson, 1975) 
and it is possible that some chromium is dissolved in the 
e -phase. Imai et al. 
(1967b) also reported that Cr2N 
can accommodate up to 0.05wt% of iron. 
However, in the present investigation, the E -Fe 2N1_X 
layer is only 5 4m thick (Chapter V) and only a few grains 
were observed. The compound layer consists mainly of a 
distribution of fine particles of CrN in an (Fe, Ni)4N 
matrix. Figure VI. 1 shows the structure of this layer in 
which no '' -austenite is present. Bright and dark field 
micrographs were taken in 
E 110 J zone orientation in which 
Figure VI. 1 
TEN micrographs of the "white layer" in a specimen 
of AISI 316 nitrided at 600 °C for 24h in pure ammonia 
(a) bright field 
(b) dark field, superlattice y'reflexion 
(c) dark field, CrN reflexion 
and (d) dark field, y'reflexion 
fa) 
'' , 
J 
" '0 osp 
superlattice 
N 
b 
fundamental 
X -(Fe , NJ4 
N 
o CrN i 
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the (100) superlattice reflexion of y' is visible (Figure 
VI. 1). y' Fe4N and CrN have the same crystal 
structures (i. e. a f. c. c. arrangement of metal atoms) and 
have a parallel orientation relationship. 
The second nitrided layer is the "dark-etched" layer of 
Figure V. 6 which corresponds to the precipitation of CrN 
and 'y/ Fe4N in an austenite matrix. The face-centred 
cubic phases present (CrN, y' and y) have similar unit- 
cell dimensions (aCrN = 4.151 
2; ayi = 3.789 
R; 
ay = 3.633 
1) and parallel orientation relationships. 
Thus, on electron diffraction patterns the reflexions from 
all three phases are adjacent to one another 
(see Figure 
VI. 2(a)). The [110] zone is therefore identical to 
Figure VI. 1 with additional austenite reflexions in a 
hexagonal array outside the y' reflexions. Dark field 
images can be obtained from CrN reflexions using a very 
-mall objective aperture 
(10 gm) but it is impossible to 
obtain separate dark field images from the fundamental y'. 
reflexion and the adjacent Y austenite. The 
(100) super- 
lattice reflexion of y' was found to be too weak to give 
a dark field image. For electron diffraction'the intensity 
of the (200)Yr, reflexion is approximately 60 times stronger 
than (100), and in the "dark-etched" layer y' Fe4N is 
present as a fine precipitate which means that the intensities 
of the reflexions are considerably weaker than those observed 
in the "white layer". 
Figure VI. 2 
TE74 micrographs of the "dark-etched" layer in a specimen 
of AISI 316 nitrided at 600°C for 24h in pure ammonia 
(a) bright field, [1101y orientation 
(b) dark field, CrN reflexion 
and (c) dark field, y+ y' reflexions 
al 
bl 
(c') 
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The third layer is the inner subscale which consists 
of CrN precipitates in an austenite matrix. Figure VI. 3 
shows the fine discontinuous lamellar structure observed 
in a 
1110] 
zone. Thin foils prepared at different 
depths of the layer showed the same type of structure. 
Close to the core-case interface some faint diffraction 
spots were identified as ferrite reflexions, but no 
particular orientation relationship was discernible because 
the a -Fe diffraction pattern consisted of diffuse rings. 
No dark field could be taken from these reflexions due to 
the number of phases present. 
The interface between the case and the core observed by 
etching in Marble's reagent (Figure V. 10) has been examined 
by TEM and shows the presence of large and small twins. of 
austenite (depending on the area examined) and a high dis- 
location density; see Figure VI. 4. X-ray diffraction 
photographs taken at 5 11m from the core (Figure V. 12(b)) 
show reflexions of two austenites - weak reflexions giving a 
lattice parameter of 3.623 R and strong reflexions with 
a=3.584 
2. The former is a high-nitrogen austenite from 
the case and the latter corresponds to y without nitrogen 
and undoubtedly comes from the core. A difference in 
lattice parameter in the two austenites leads to a high 
degree of deformation (twins, dislocations) and the inter- 
section of slip bands or twins locally alters the ABCABC 
stacking sequence of the f. c. c. structure to ABCA/CAB of a 
Figure VI. 3 
TEN micrographs of lamellar Y+ C35 in a specimen 
of AISI 316 nitrided at 600°C for 24h in pure ammonia 
(a) bright field, I110], 
ß orientation 
(b) dark field, CrN reflexion 
and (c) dark field, y reflexion 
'}, 
(ci) 
(b) 
(c) 
Figure VI. 4 
TEM micrographs of the case-core interface in a specimen 
of AISI 316 nitrided at 600°C for 24h in pure ammonia 
(a) large twins of austenite 
(b) fine twins of austenite 
and (c) dislocations in the austenite matrix 
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c. p. h. sequence. However c. p. h. C -martensite is not 
stable and a' martensite with low tetragonality is formed 
(Breedis & Robertson, 1962; Dash & Otte, 1963; Olson & 
Cohen, 1975). By losing interstitial atoms, for example by 
precipitation, a -ferrite would then result. In the 
present study broad a -ferrite reflexions are present when 
the austenite reflexions are broad (a = 3.600-3.632 
R) 
and 
this mechanism may explain the formation of ferrite from what 
is an Fe Ni-C N austenite adjacent to the interface. 
Prolonged heat-treatment at 600°C in an inert atmosphere does 
not result in ferrite formation. 
From the different phases formed through the nitrided 
layer and the electron probe microanalysis reported in 
Chapter V it is obvious that the nitrogen concentration 
decreases from the surface of the sample towards the core. 
An E -(Fe, Cr)2Ni-X layer grows outward from the surface 
(Figure V. 2) and is limited by the formation of the "white 
layer". High concentrations of nickel are expected below 
the c -(Fe, Cr)2N1-x layer and so a high-nickel 
yl-(Fe, Ni)4N is precipitated as nitrogen diffuses inwards. 
The concentration of nickel in the Y/ of the "white layer" 
is therefore higher than that in the "dark-etched" layer. 
Because nickel lowers the nitrogen solubility in iron and 
also because high nickel and low nitrogen contents both 
reduce the lattice parameter of y'-Fe 4N 
(see section 11.2), 
a smaller unit-cell of yý is expected in the "white layer" 
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compared with that of the y*' in the "dark-etched" layer. 
In the "white layer" the lattice parameter of the y'-phase 
is 3.784 Ä while in the "dark-etched" layer it decreases 
from a high value (3.789) close to the "white layer" to 
3.780 at greater depth. In this layer the lattice para- 
meter of austenite is 3.633 
A which is smaller than 
required to precipitate y'-Fe4N in pure Fe -N alloys 
(Jack, 1951a). This is explained by the presence of nickel 
which decreases the lattice parameter and which also. 
decreases the solubility of nitrogen in austenite. 
Crack formation below the "white layer" reported in 
section V. 2(c) is related only to massive -(Fe, Ni)4N; 
that is in the "white layer". In the dark etched layer 
optical microscopy shows that massive y' -(Fe, Ni)4N 
precipitates only at grain boundaries (see Figure V. 6) and 
homogeneous precipitation within grains occurs where the 
nitrogen potential is sufficiently high. 
It was found that the "white layer" on large-grained 
specimens was thinner than on those with small grains e. g. 
9 gm for samples of A. S. T. M. number 0-1 compared to 20 µm 
for samples of A. S. T. M. numbers 7-8. - Thus, the formation 
of the "white layer" is mainly dependent on diffusion of 
nitrogen in grain-boundaries. 
A slight variation of the lattice parameter of CrN is 
observed. (4.152 
2 in the "white layer"; 4.151 R in the 
"dark-etched" layer; and 4.150 
2 in the inner subscale) 
that can be related to the presence or absence of y -phase. 
Ettmayer et al. (1978) reported an appreciable solid 
solubility of MoN1-X in nitrides such as CrN and VN and 
so it is reasonable to assume that when no y -austenite is 
present (as in the white layer) the molybdenum atoms (2.4wt%) 
are accommodated by substitution in CrN. 
VI. 2 Precipitation at 800°C 
TEM studies of the surface of quenched specimens 
confirm that no y/-Fe 4N is present and the microstructure 
consists of c -Fe2N1-X, CrN and austenite. Single grains 
of C -(Fe, Cr)2Ni-X were found as well as a lamellar 
structure of C +CrN+ y or of CrN+Y . Optical micro- 
graphs show a two-subscale diffusion layer when specimens are 
etched in sulfate-chloride solution (see Figure V. 9), the 
lighter one of which (the inner layer) has been related to 
the presence of a -ferrite and Cr2N, and the outer one 
to CrN+ y (Chapter V). Both of these subscales have been 
examined by TEM. 
The outer layer, consisting of CrN+ y, of a sample 
nitrided at 800°C is shown in Figure VI. 5. The micro- 
structure consists of coarse lamellar CrN in a 'y -matrix 
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and confirms the TEM replica observations (Figure V. 18). 
(a) 
(b) 
(c) 
The lamellar structure formed by precipitation of CrN in 
an austenite matrix coarsens with nitriding temperature 
(Figures V. 1 and VI. 5). TEM of the inner subscale containing 
CrN, Cr2N, Y and a shows that Cr2N is always present 
in a ferrite matrix. A specimen at a depth of 125 gm 
(Table V. 3) shows a few grains of lamellar CrN in austenite 
while the sample consisted mainly of c. p. h. Cr2N in a 
ferrite. The particles of Cr2N are needle-shaped (Figure 
VI. 6) in [100] 
Q 
orientation, with a similar diffraction 
pattern to that described by Bywater & Dyson (1975). The 
orientation relationship is: 
(0001) 
Cr2N // (o11)oc 
[1 120] Cr N 
ý1 L 111 
2 
and 
Lebrun et al. (1972) suggested that ferrite is formed 
by chromium depletion after Cr2N precipitation which would 
indicate a very low nitrogen potential at this depth of the 
nitrided layer. However in the present study Cr2N was 
found to precipitate in a ferrite matrix which implies that 
Cr2N is formed after the ferrite. As CrN precipitates 
from austenite, partial chromium depletion occurs and leads 
to the formation of ferrite (Figure II. 4) from which Cr2N 
is precipitated. The thickness of this layer increases 
0 
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I 
with nitriding time. 
Figure Yi. 6 
I 
TEM micrographs of the (a + CrN) structure in a specimen 
of AISI 316 nitrided at 800°C for 24h in pure ammonia 
(a) bright field, 
and (b) dark field, 
[1©01a orientation 
Cr2N reflexion 
t 
t 
i 
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Figure VI. 7 shows austenite microtwins found in a 
CrN+ y grain close to the case-core interface which again 
shows the high level of stress at the interface resulting 
from the expansion of the f. c. c. austenite lattice during 
nitriding. 
VI-3 Formation of yI -Fe4N 
According to the iron-nitrogen phase diagram (Figure 
11.9) y'-Fe4N is formed only below 690°C at potentials 
determined by the Lehrer diagram (Figure 111-4). The 
structure is however stabilised by Ni and the formation of 
y'-(Fe, Ni)4N has been discussed, but in order to explain 
the presence and distribution of this phase in specimens 
nitrided in pure ammonia and slow-cooled from 800°C (see 
Chapter V) a series of experiments was carried. out involving 
different cooling atmospheres and cooling rates. 
Annealed wire and sheet (1mm thick) of AISI L316 were 
used for X-ray identification and microstructure determination 
respectively. The phases present on the surface of the 
nitrided sheets were also characterized by X-ray diffracto- 
metry and no significant difference was observed between the 
two X-ray methods with the exception that films are more 
sensitive to weak reflexions. Nitrided specimens were 
etched in 2% nital to show whether or not a "white layer", 
Figure VI. 7 
TUi micrographs of the nitrided layer close to the 
case-core interface in a specimen of AISI 316 nitrided 
at 800°C for 24h in pure ammonia 
(a) bright field 
and (b) dark field of austenite twins 
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which is related to the formation of massive Y' Pe4N, was 
formed. All specimens were nitrided at 800°C in pure 
ammonia for 24 hours before further treatment. 
The results of X-ray and optical microscopy investi- 
gations are summarised in Table VI. 1. After nitriding and 
cooling slowly from 800 
° to 500°C in argon (specimen i), 
only a few grains near the surface are etched differently 
from the subscale which contains CrN+-y (Figure VI. S(i)) 
and very weak reflexions of 'yI are observed (Figure VI. 9(i)) 
which suggests precipitation of fine yI -Fe4N in ay 
matrix (see section VI. 1). For a specimen (vi) quenched 
from 800°C no y' Fe4N is detected by X-rays nor is any 
difference observed by etching in the nitrided layer; see 
Figure V. 8(b). If the specimen (ii) is held at 550°C in 
argon for 24h a well defined "white layer" is observed 
(Figure VI. 8) and the intensities of y' Fe4N reflexions 
from specimens (i) and (ii) are similar (Figure VI. 9). 
Specimen (iii) is the same as (i) but cooling was carried out 
in ammonia thus maintaining a high nitrogen concentration at 
the surface of the nitrided layer which is confirmed by the 
high lattice parameter of the C -phase, strong yI reflexions 
and a thick "white layer" (stronger YI reflexions result in 
weaker Y reflexions due to X-ray absorption by the Y/ - 
layer). The results are illustrated in Figures VI. 8(iii) 
and VI. 9(iii). If samples formed as in (iii) by cooling in 
NH3 are'held at 500°C, changes occur which depend on the 
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Table VI. 1 
White layer formation 
(All specimens were nitrided for 24h in ammonia at 800°C and 
cooled as indicated) 
specimen cooling cycle white layer phases 
thickness 
µm EY CrN 
Ar 
_ (i) 800 --X500°C sirregular ome grains vw ss 2h 
91 Q not etched -- 
Ar 
(ii) 800 --*500 
2h 3-5 vw ss 
-ý 500/Ar/24h 
NH3 
(iii) 800 -* 500 
2h 
3Q 
NH3 
(iv) 800-)-500 
2h 14 vw sms 
---> 500/Ar/24h 
NH 3 
(v) 800 --: > 500 2h 20 - 41 ss vw s 
500/NH3/24h 
(vi) 800 --3 Q- vw -ss 
vw = very weak 
m= medium 
s= strong 
* low unit-cell dimensions 
Figure VI. S 
Optical micrographs of AISI L316 nitrided at 
800°C in pure ammonia for 24h and cooled as 
indicated; etched in 2% nital 
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X-ray diffraction photographs of specimens 
shown in Figure VI. 8 
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applied nitrogen potential. Holding in argon (iv) results 
in denitriding of the compound layer which reduces the amount 
of E and its unit-cell dimensions; the thickness of the 
"white layer" remains constant. By cooling the specimen (v) 
to 500°C and holding it in pure ammonia for 24h a thick 
uneven layer grows (Figure VI. 8(v)), the E layer remains 
and has a high nitrogen concentration shown by high unit-cell 
dimensions, and strong reflexions of both E and yc phases 
are observed (Figure VI. 9(v)). The formation of such a 
compound layer is characteristic of low nitriding temperatures 
(Chapter V). 
The results can be summarised as: 
(i) Cooling slowly in argon or in ammonia after 
nitriding at 800°C leads to the formation of y' Fe N 4 
during cooling. In the former case the precipitation of y 
is a result of the reaction: 
R 
E Fe2N1-x +Y it 
, Y1-Fe4N +y.... VI. 1 
while in the latter case Yl-Fe4N is formed by precipitation 
during cooling in addition to a nitriding reaction by the 
ammonia gas which leads to a thickening of the "white layer". 
(ii) Holding specimens in argon at 500°C leads to 
diffusion of nitrogen atoms towards the surface (compare 
Nos. (i) and (ii) and Nos. (iii) and (iv); Figure VI. 8). 
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Although the y' layer is not reduced completely in 24h, 
there is some indication in Figure VI. 8(iv)-that the 
layer is being reduced. 
Transmission electron microscopy on the "white layer" 
of a specimen nitrided at 800°C in pure ammonia for 24h and 
slow-cooled by pulling the sample out of the furnace in the 
nitriding atmosphere shows diffraction patterns and images of 
F -Fe2Ni-x, yI-Fe4N, CrN and y in numerous combinations. 
Single grains of '1' Fe4N (often twinned) and of 
C -(Fe, Cr)2N1-x were identified, and lamellar structures of 
y' +CrN, y +CrN and mixtures of YI +CrN+ y and also of 
E+ yl +CrN were all observed in the same sample. Despite 
the fact that optical micrographs such as Figure V. 8 show 
such samples to have a compact, uniform "white layer" when 
etched in *2'/ nital, the detailed microstructure is extremely 
complex. 
VI. 4 Conclusions 
The "white layer" which occurs on nitriding at 
temperatures at or below 600°C is due to the formation of 
massive 'Y'-(Fe, Ni)4N containing precipitates of CrN 
but at higher temperatures no "white layer" is found except 
on cooling when the nature of the layer is then determined 
by cooling rate and cooling atmosphere. 
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At 600°C or below the nitrided layer consists of: 
(i) a surface layer of E -(Fe, Cr)2Nl-X; 
(ii) a "white layer" formed by' y'-(Fe, Ni)4N, 
E'-(Fe, Cr)2Ni_X single grains, and fine precipi- 
tates of CrN; 
(iii) a dark etched layer of CrN precipitates and 
y' -(Fe, Ni)4N in ay -matrix; 
(iv) a diffusion layer consisting of a lamellar structure 
of CrN in y; and 
(v) a heavily deformed interface adjacent to-the core 
which gives rise to ferrite formation. 
1 
At temperatures higher than 650 °C the as-nitrided layer 
consists of: 
(i) a very thin C -(Fe, Cr)2N1-X layer with some 
y1 Fe4N; 
(ii) a lamellar structure of CrN in y which coarsens 
with nitriding temperature; 
(iii) a diffusion layer of lamellar Cr-N +Y and needle 
precipitates of Cr2N in cc-ferrite; and 
(iv) a heavily deformed interface between case and core. 
In every case the interface between case and core is 
heavily deformed and consists of twins, slip bands and a 
high dislocation density. 
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Chapter VII 
KINETICS OF NITRIDING AISI 316 
VII. 1 Introduction 
Nitriding of pure iron is a diffusion controlled 
process to. which Fick's laws can be applied. When nitriding 
an alloy containing. a substitional solute having a strong 
affinity for, nitrogen a hard uniform : subscale is formed and 
the growth of the layer is compatible with a diffusion- 
controlled process. 
Previous work shows that nitriding AISI 316 in pure 
ammonia at low temperatures, 550 
° and 600°C gives an uneven 
nitrided layer and the growth rate of the case is parabolic 
which indicates a diffusion-controlled process (Wilson, 1978). 
The nitriding rate was found to be affected by the surface 
condition of the specimens and microhardness measurements 
show a sharp interface between the nitrided layer and the 
core (Cordwell et al., 1974; Wilson, 1978). 
In the present investigation, the nitriding rate was 
followed by etching nitrided specimens and also by measuring 
the microhardness profile of the subscale. For low carbon- 
content steels a sharp subscale as is the case for high 
I 
chromium alloys (Mortimer, 1971) is obtained while for high 
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carbon contents diffusion of carbon towards the centre is 
observed which results in an increase in the microhardness 
of the core; see Figure V. 21. 
Nitriding of AISI 316 between 550°-800°C in pure 
ammonia is determined by a diffusion process, but for 
temperatures lower than 650°C the nitriding rate is 
unexpectedly fast and can be explained by structural changes 
and the distribution of phases on the surface layer. The 
rate of nitriding is affected by cold-working when nitriding 
at low temperatures and also by grain-size and carbon content, 
but the kinetics of nitriding have the same form. 
VII. 2 Internal nitriding theory 
Internal nitriding theory is derived from the 
analogous internal oxidation of Fe-O. 1wt/ Al to form A1203 
by reaction with hydrogen-water mixtures (Hepworth et al., 
1966). When nitriding AISI 316 the case depth is limited by 
the formation of chromium nitrides CrN or Cr? * To apply 
the theory three assumptions must be made: 
(i) in internally nitrided specimens the nitrogen 
concentration varies linearly through the subscale; 
(ii) at the surface the nitrogen concentration is in 
equilibrium with the gas phase; and 
(iii) nitrogen and chromium are in equilibrium with CrN 
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at the interface between the case and the un-nitrided core. 
The diffusion of chromium is very slow compared with 
diffusion of nitrogen and thus the diffusion equation must 
be written for the flux of nitrogen across the nitrided layer 
as: 
ät = D. X .... vzz. 1 
with 
dt 
: nitriding rate, g atm N cm 
2s-1 
X: thickness of the nitrided layer 
C: nitrogen concentration in iron in equilibrium 
with the nitriding gas mixture 
C' : nitrogen concentration in iron at the inner 
interface in equilibrium with CrN 
D: diffusivity of nitrogen in iron 
In fact, CI is very small compared with C and may be put 
equal to zero. 
The amount of nitrogen transferred across unit area of 
the sample may be represented in terms of thickness (X), the 
ratio (r) of nitrogen to alloying element, i. e. Cr, in 
the precipitate formed, and the chromium concentration 
(wt% Cr), that is: 
n=5. r. wt°0 Cr . 10-2 X, g atm cm 
2 
.... VII. 2 
where P is the density of iron. 
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By combining VII. 1 and VII. 2, converting C to wt% N 
and taking CI=0 
dX 5 wt°o ND VII. 3 dt - 14"rýwt%oCr-X .... 
and by integrating 
XL 
= 
52 
. Z' " 
wt"O CN r"D. 
t.... VII. 4 
7 
When the case depth is defined by the limit of precipitation 
of CrN, r=1 and therefore the nitriding equation becomes: 
X2 - 
57 
. wt% 
N"D. t so- VII. 5 
VII. 3 Nitriding of AISI L316 
Nitriding as-received AISI L316 (0.02wt'%o C) in pure 
ammonia at temperatures higher than 550°C gives a uniform 
nitrided layer with the formation of a sharp case (see 
Figure V. 14). At 5500C a variation of --+ 6 in is observed 
in the case thickness while at 5 O°C the nitrided layer is 
very often uneven and in some areas very difficult to 
measure because of the presence of numerous cracks and the 
nature of the microstructure; see Figure V. 3. 
In disagreement with Wilson (1978), the thickness and 
the regularity of the case does not depend on the surface 
preparation of the specimen. Similar results are obtained 
from specimens which have been electropolished or simply 
degreased. Only severe oxidation gives an uneven case but 
even then does not completely prevent nitriding. 
Nitriding kinetics of annealed sheet samples treated in 
pure ammonia were studied between 550 
° and 800°C for up to 
100 hours and the variations of the square of the total case 
depth against nitriding time are shown in Figure VII. 1. For 
all temperatures the graph can be divided in two straight 
lines: a fast nitriding rate is observed for nitriding times 
lower than 14h, and a lower slope for greater times. 
Figure VII. 1 shows also that the total case depth at 550° and 
600°C is greater than that observed at 700°C for the same 
nitriding time. In Figure VII. 2 the variation of case depth 
with temperature is compared with results given by Lebrun et 
al. (1972). A discontinuity in the graph between 6000 and 
650°C is shown in both cases and similar effects have been 
observed by Cordwell et al. (1974) when nitriding AISI 316 
in pure ammonia and by Lerner (1972) for AISI 304 nitrided 
either by glow-discharge or conventional gas-nitriding. The 
rate of nitriding in the range 550°-600°C is considerable 
greater than predicted by extrapolation of data for tempera- 
tore higher than 6500 C; see Figure VII. 2. 
9o 
4 
Nitriding experiments at Springfields Laboratories (1980) 
at 600 
°, 700 ° and 800°C on AISI 316 show very similar curves 
Figure VII. 1 
(Case depth)2 against nitriding time for 
AISI L316 (0.02wt°lo C) in pure ammonia at 
550°, 6000,700° and 800°C 
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Figure VII. 2 
Case depth against nitriding temperature in 
pure ammonia for 
(a) AISI L316 - gas-nitrided for 24h 
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when the square of the total case depth is plotted against 
nitriding time but the thickness of the nitrided layer was 
slightly smaller for 600 
0 and 800°C than in the present 
work. However, insufficient results from Springfields are 
available for long nitriding times, i. e. > 12h, to allow 
valid comparisons. 
The nitriding rate (see equation VII. 5) should decrease 
with decreasing temperature as the diffusion coefficient D 
is a function of temperature and can be represented by an 
Arrhenius equation: 
D= Do exp ('- zH).... VII. 6 
where Do : frequency factor 
AH: activation enthalpy 
R gas constant 
T: absolute temperature 
Do and AH are independent of temperature but depend 
on the nature of the interstitial element diffusing and on 
the matrix and, in the case of diffusion of carbon in y- 
austenite are dependent on carbon concentration (Wells et 
al., 1950; Bhadeshia, 1981). Equation VII. 6 shows that 
as the temperature increases the diffusion coefficient 
increases and, according to equation VII. 5, since the 
nitrogen concentration in the matrix in equilibrium with the 
gas mixture decreases with temperature (combination of 
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equations III. 69 III. 7 and V. 11), the slope of the line 
representing the square of the case depth (X2) against 
nitriding time (t) should decrease with nitriding 
temperature. 
For the present work the nitrogen concentration in 
y -iron in equilibrium with NH3: H2 gas mixture can be 
calculated using nitrogen solubility data from Atkinson & 
Bodsworth (1970), taking the maximum value of nitriding 
potential (pure ammonia), interpolating for 13wtiö Ni, and 
extrapolating for 550 
° 
and 600°C. The theoretical square 
of the case depth as a function of nitriding time can be 
found from equation VII. 6 using Grieveson & Turkdogan's 
(1964) data for Do and AH to calculate D. Figure 
VII. 3 represents schematically the theoretical variation of 
X2 against t at 5000,6000,7000 and 8000C assuming that 
internal nitriding theory is valid. There is an enormous 
difference between the calculated nitriding rates at 8000 
and 600°C whereas the observed rates at these temperatures 
(see Figure VII. 1) are almost identical. In addition, 
simple internal nitriding theory does not predict the dis- 
continuity observed in the curves of Figure VII. 1. 
From the slopes of the curves of Figure VII. 1, experi- 
mental diffusion coefficients for nitrogen in austenite have 
been calculated using Atkinson & Bodsworth data (1970) as 
indicated above and are compared in Table VII. 1 with those 
determined by Grieveson & Turkdogan (1964). For the first 
Figure VII. 3 
Schematic theoretical variation of (case depth) 
2 
against nitriding time in pure ammonia for 
Fe-13w1$ Ni. 
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slope, agreement at 7000 and 8000C is good. At these 
temperatures, the diffusion coefficient for the second slope 
has been calculated assuming precipitation of Cr2N in 
ferrite, taking a chromium content of 10wt%, i. e. the 
maximum present in ferrite for 17w'% nickel (Figure II. 4), 
and the maximum nitrogen concentration in ferrite at the 
reaction temperature from Figure II. 9. Agreement with Lord 
& Beshers's date (see Table VII. 1) is reasonable considering 
that the real chromium and nitrogen contents in the ferrite 
phase are not known. 
The apparent diffusivities at 550 0 and 600°C are too 
high for diffusion of nitrogen in austenite but too low for 
diffusion of nitrogen in ferrite (Table VII. 1). Diffusion 
of nitrogen in a -ferrite was suggested by Lebrun et al. 
(1972) in order to explain the abnormally high nitriding rate 
at 600°C but this is not satisfactory in the present case 
where only a small amount of a is detected adjacent to the 
°° 
case-core interface in samples nitrided at 550 and 600C. 
Wilson (1978) obtained a value of D=7.1x10 
10cm2s 1 
at 
600°C by nitriding AISI 316 in pure ammonia which is approxi- 
mately the value obtained in the present study. However at 
these temperatures formation of massive Y1 results in the 
formation of cracks which are longitudinal at the inner edge 
of the "white layer" (Figure V. 5) and also transverse to the 
free surface; the formation of these cracks has been 
discussed in Chapter V. Nitriding is facilitated and 
accelerated by increasing access of nitriding gas to the 
underlying metal by diffusion along the cracks. 
Nitriding in ammonia: hydrogen mixtures at 600°C shows 
that for ammonia concentrations lower than 60NH3: 40H2 the 
nitrided layer is not uniform, and for less than 40NH3: 60H2 
the maximum case depth decreases with ammonia concentration 
in the gas mixture (Table VII. 2). However, development of 
a uniform nitrided case at 600°C corresponds to the formation 
of a "white layer" of y'-(Fe, Ni)4N as demonstrated by 
exposing specimens in pure ammonia at 600°C for 15 min 
followed by 24h in 40NH3: 60H2. The nitrided layer then 
has approximately the same case depth as expected for growth 
in equilibrium with Y' (130 t 1m). 
Nitriding at 800°C in ammonia: hydrogen mixtures gives a 
uniform nitrided layer and the case depth does not vary with 
ammonia concentration which is probably due to the high 
degree of dissociation of NH3 at this temperature (Table 
111.2). Thus, the nitrogen potential remains almost constant 
in all runs. Nitriding at 800°C does not produce YI at 
nitriding temperature at any value of nitrogen potential. 
Nitriding AISI L316 appears to be a diffusion controlled 
process but an abnormally high nitriding rate is obtained at 
around 600°C where massive y' -(Fe, Ni)4N is formed at 
nitriding temperature and results in cracking of the sub- 
surface layer. At 800°C the rate of nitriding is 
95 
I 
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Table VII. 2 
Case depth of AISI L316 nitrided in ammonia: 
hydrogen mixtures-at o00o--and 8000C for 24h 
nitriding conditions 'case depth "white layer" 
temperature NH3 : H2 gm µm 
C 
600 80 : 20 140 16 
70 : 30 140 13 
60 : 40 140 13 
60 : 40 0 -137 9 
55 : 45 0 -127 6 
40 : 60 0- 89 0 
25: 75 0-54 0 
10: 90 0-26 0 
15min. 100: 0+40: 60* 112-133 11 
800 70.: 30 140 0 
40 : 60 140 0 
* the specimen was exposed 15min in pure ammonia 
prior nitriding in 40NH3: 60H2 for 24h. 
t 
I 
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predictated by internal nitriding theory and the calculated 
value of DN is in reasonable agreement with that of 
Grieveson & Turkdogan (1964) and Lord & Beshers (1966). 
Reducing the NH3: H2' ratio at high temperature does not 
greatly affect the nitriding rate because the effective 
nitrogen potential remains small and almost constant due to 
the dissociation of ammonia. At 600°C the relative changes 
in thickness of the nitrided layer are consistent with the 
thermodynamic predictions of phase stabilities. 
VII. 4 Effect of carbon content, grain-size and cold-work 
on nitriding rate 
(a) Effect of carbon content and grain-size 
Nitriding AISI 316 containing 0.07wi% C was carried 
out at 600 
0 
and 800°C in pure ammonia. These specimens were 
found to be more difficult to nitride than those with 
0.02wt% C, especially at the lower temperature and when the 
material had been electropolished. To overcome this problem, 
samples were either electropolished and kept overnight in a 
desiccator or simply degreased with trichloroethylene before 
nitriding. 
Specimens containing 0.07wt% C nitrided at 6000C 
show a smaller case depth (133 9m) than 0.02wt'% C (150µm ) 
98 
after 24h, but only the behaviour at short nitriding times is 
abnormal and the second part of the curve has almost the same 
slope as found for 0.02wt% C (see Table VII. 1). Aleskeeva 
et al. (1979) reported that carbon reduces the thickness of 
the nitrided layer formed during nitriding 17wt% Cr - 
8w'% Ni - 5wt'% Mn - 0.8wt% Mo steel in pure ammonia at 600°C. 
At 800°C however, the nitriding rate is higher for 0.07wt% C 
than for the corresponding 0.02wt'A C samples. In both 
cases nitriding is controlled by diffusion (see Figure VII. 4 
for nitriding at 600°C and Figure VII. 5 for 800°C), i. e. 
the square of the case depth is proportional to nitriding 
time and, as for 0.02wt'/ C steel, the graphs consist of two 
straight line regions. 
Prior heat-treatment on specimens containing 0.07wt% C 
was carried out at 6000 and 800°C for 48h in order to study 
the influence of carbides on nitriding rate. Figure VII. 6 
shows the microstructure of AISI 316 after heat-treatment for 
24,48 and 100h at 6000 and 800°C. The specimens were 
etched in aqua regia-glycerol solution; see Table III. 3. 
Fairly large precipitates are visible at 800°C but much less 
precipitation is evident at 600°C. Transmission electron 
microscopy of as-received 0.07wt'% C material shows no 
carbide precipitates but M23C6 precipitates are observed 
at 800°C and grow with increasing annealing time; inter- 
metallic X-phase is also observed. At 600°C only very 
fine precipitates of M23C6 are present with a small amount 
Figure VII. 4 
(Case depth)2 against nitriding time for AISI 316 
(0.07wt% C) in pure ammonia at 600°C in as- 
received material and after heat-treatment 
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Figure VII. 5 
(Case depth)2 against nitriding time for AISI 316 
(0.07wt% C) in pure ammonia at 800°C in as- 
received material and after heat-treatment 
4 
i 
N5 
CD 
x Nc 
CC 
C 
Ný 3 
L 
(1) 0 
(D ZE 
0 
0 
0 
0 
.1 D 0 
" as received 
0 6000-48h-S-C" 
0 o 8000-48h-S"C" 
o 1250C-2.5h-WQ. 
0 20 40 60 
time/h 
I 
Figure VII. 6 
Optical micrographs of AISI 316 (0.07wt% C) 
heat-treated at 
600°C for (a) 24hr 
(b) 48h 
(c) 100h 
and at 800°C for (d) 24h 
(e) 48h 
and (f) 100h, 
etched in aqua regia-glycerol 
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of X-phase detected in grain-boundaries. Lai & Meshkat 
(1978) reported that M23C6 is the major precipitate formed 
at 600°C while at 800°C 11 23C6 and X-phases are both 
present. 
Figures VII. 4 and VII. 5 show that prior annealing at 
6000 and 800°C for 48h has little effect on the case depth 
of specimens nitrided at 600 
° and 800°C. Carbide 
precipitation in grain boundaries does not therefore affect 
nitriding rates which suggests that nitriding of AISI 316 is 
mainly controlled by bulk diffusion of nitrogen within the 
grains. 
i 
Changes in the diffusion coefficient of carbon in 
austenite as a function of carbon content have been reported 
and, as carbon and nitrogen behave similarly in iron, it is 
reasonable to assume that the diffusivity of nitrogen will 
vary both with nitrogen concentration and carbon concentration. 
The flux of each element is a linear function of the 
concentration gradients, that is: 
NbC 
JN DN - DN 
S Cý 
.... VII-7 8x6x 
J- -D 
b CN cb Cc 
cc- Dc "".. VII. 8 
6x -b x, 
100 
In the present work DN is different from DC because 
the nitrogen potential is constant at the surface of the 
specimen, while for carbon as it diffuses towards the centre 
(see Chapter V) its activity will change and eventually reach 
a value of zero at the surface. 
Considering nitriding of AISI 316 at 800°C (where 
internal nitriding theory is valid), increasing the carbon 
content from 0.02 to 0.07wt"% C gives an increase of 1.6 
times in the apparent diffusion coefficients calculated for 
both linear sections of the curves (see Figure VII-5 and 
Table VII. 1) whereas the diffusivity of carbon in austenite 
is reported to be increased by 4.6 times for the same change 
in carbon content (Bhadeshia, 1981). However, in the 
present case the diffusion coefficient of nitrogen is 
influenced by both carbon and nitrogen concentrations and the 
concentration profiles and the overall effect cannot be 
predictated quantitatively. The diffusivity and hence the 
rate of nitriding will increase with nitrogen concentration 
but there is a "back pressure" due to build up of carbon 
ahead of the nitriding front which will act in the opposite 
sense. 
When nitriding at 600 
°C9 internal nitriding theory does 
not apply because the diffusion behaviour is complicated by 
cracking of the layers. No carbide precipitation has been 
detected ahead of the nitrided layer at 6000C for 0.02wt% C 
101 
specimens and only a small amount for 0.07wt% C. In fact, 
increasing the carbon concentration decreases the total case 
depth by decreasing the rate of the first stage of nitriding 
which is related to the formation of the outer compound 
layer. Colijn et al., (1980) suggested that in Fe-Cr-C 
alloys carbon diffuses from the core to the compound layer 
and y' -Fe 4N is able to dissolve 0.2wt% C 
(Naumann & 
Langenscheid, 1965). Therefore carbon atoms diffusing 
towards the surface offer a resistance to nitrogen pene- 
tration into the specimen which would lower the first stage 
of nitriding. Then, when the maximum solubility of carbon 
in y' Fe4N is reached, nitrogen and carbon diffuse in the 
same direction i. e. towards the centre. 
Heat-treatment at 1250°C for 2.5h followed by water 
quenching ensures that all the carbon is in solid-solution 
and large grains are formed (Table I11.4). The interface 
between the nitrided layer and core of such specimens is not 
uniform and follows the shape of the grains. The rate of 
nitriding in the first stage is increased at 800°C (Figure 
VII. 5) but is slightly decreased at 600°C (Figure VII. 4). 
The faster nitriding rate obtained at 800°C for very short 
nitriding times can be explained by grain-boundary diffusion. 
As all the carbon is in solid-solution, the grain-boundary 
path is free for nitrogen diffusion and gives a high initial 
nitriding rate. Then carbide precipitation occurs (Figure 
II. 7) and gives a nitriding rate similar'to that of as- 
Figure VII. 7 
(Case depth)2 against nitriding time for AISI L316 
(0.02wt% C) in pure ammonia at 600°C. As-received, 
2C1IS and 63jä cold-worked 
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received material for prolonged nitriding times (Figure VII- 
5)-Growth of y' Fe4N at 600°C proceeds from the grain- 
boundaries and so in samples of large grain size only a thin 
white layer is formed (only 9 gm compared with 20 gm for 
as-received material). With a thin "white layer" the 
stresses in the inner layer are not as great as those in 
nitrided as-received samples and, in addition, the large 
grains can accommodate stresses by plastic deformation. 
Thus, the formation of a thinner surface layer on samples 
nitrided at 6000C after prior heat-treatment at 1250 °C is 
due to less extensive cracking in the inner subscale. 
From the results of the present study it is clear that 
nitriding behaviour is strongly dependent on the formation 
of the initial surface layers and on the formation of 
y'-(Fe, Ni)4N at nitriding temperature. The rate in the 
later stage at both 600 ° and 800°C depends on carbon content 
but is largely independent of grain-size and heat-treatment. 
(b) Effect of cold-work 
The mobility of interstitial atoms is affected by grain- 
boundaries and other easy diffusion paths such as dislocations 
(Lagneborg & Josefsson, 1955) and thus the kinetics of 
nitriding cold-worked alloys is expected to be different from 
those of annealed material. Samples of AISI L316 with 2C% 
102 
and 63A of cold-reduction were nitrided in pure ammonia at 
T1 
6000 and 800°C and the rates of nitriding determined. 
2% cold-working has no measurable effect on nitriding 
rate at 6000C but 6}'/o cold-worked samples show a smaller case 
depth than annealed specimens after the same nitriding time 
(see Figure VII. 7). After 16h the rate of nitriding is 
almost identical for all three sets of specimens since the 
curves are practically parallel and only during the early 
stage is the rate of nitriding decreased for 6Y/6 cold-worked 
samples. Cold-working has no influence on nitriding 
behaviour at 800°C (Figure VII. 8). 
The surfaces of tensile-test specimens of annealed and 
nitrided and of cold-worked and nitrided specimens were 
examined in the scanning electron microscope (SEM). Samples 
with 63% cold-work nitrided at 600°C in pure ammonia show 
voids in the "white layer" parallel to the surface (Figure 
VII. 9(b)) but no such voids are observed on annealed or 20% 
cold-worked samples (Figure VII. 9(a)) nitrided at 600°C or" 
on any samples nitrided at 800°C. Voids are observed only 
in the "white layer" which explains that only the first stage 
of nitriding is affected. The compound layer of 63'/ cold- 
worked samples nitrided at 600°C is thicker than for annealed 
specimens (30 gm. compared with 20 j im) which would suggest 
a higher nitrogen partial pressure in the former case. 
Nitriding is also expected to be affected by the rolling 
texture which is retained during nitriding at 600°C. 
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Figure VII. 8 
(Case depth)2 against nitriding time for AISI L316 
(0.02wt'/o C) in pure ammonia at 8000C. As-received, 
20; /o and 63% cold-worked 
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Figure VII. 9 
SEM micrographs of the "white . ayer" observed on 
a tensile specimen of AISI 1316 nitrided at 
600°C for 24h in pure ammonia 
(a) 20Y/ cold worked 
and (b) 63'/ cold-worked 
cap 
(b) 
However, smaller case depths are observed only when 
the specimens are heavily deformed with no partial 
recrystallisation. 63% cold-worked samples heat-treated 
at 800°C for 99 hours and then nitrided at 600°C for 24 
hours show the same case depth as for as-received material 
nitrided under the same conditions. 
Prior cold-work does not change the nitriding kinetics 
at 6000 and 8000C but affects the precipitation of massive 
y' -(Fe, Ni)4N and leads to a smaller case depth at 600°C. 
The formation of voids in the compound layer is observed 
when recrystallisation has not occurred. 
VII. 5 Discussion 
Rates of nitriding AISI L316 at 7000 and 800°C are 
determined by internal nitriding theory and are controlled 
by the diffusion of nitrogen in austenite. At lower tempera- 
tures the formation of a "white layer" increases the nitriding 
rate due to the formation of cracks. 
Considering nitriding at 800°C where no y' Fe4N 
is precipitated at nitriding temperature (see Chapter VI), 
the curve representing the square of the case depth against 
nitriding time is divided in two regions represented by 
straight lines of different slopes; see Figure VII. 1. 
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However, the very first stage of nitriding, that is for 
105 
times shorter than 2 hours, is grain-boundary dependent' 
which is not obvious from Figure VII. 1. This fact is shown 
by nitriding heat-treated specimens'at 1250°C and water- 
, 
quenching to retain all the carbon in solid-solution. These 
have a thicker nitrided layer than as-received material in 
which some carbides are precipitated in grain-boundaries. 
The change in slope of the curves of X2 against t for 
samples nitrided at 800°C is observed at a depth in the 
nitrided layer of approximately 90. µ m and this can be 
related to the precipitation of Cr2N in ferrite (see Table 
V-3)- Therefore for X< 90 gm nitriding occurs in equi- 
librium with precipitation of CrN in y while for 
X) 90 j im precipitation of Cr2N in ferrite occurs. The 
slopes obtained at 800°C (Table VII. 1) give values of 
diffusivity in austenite and in ferrite in agreement with 
the literature values. 
The nitriding equations are: 
4 
for X< 90 gm 
F2 - 
52 wtoo N -( X-7" 
wt°/6Cr . 
Di "t """" VII. 10 
and for X> 90 µm 
2-. 521 wt/'o N (X X-72 
wt%Cr " 
Di "t 0000 VII. 11 
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However, the diffusion coefficient depends on the carbon 
content and in AISI L316 (0.02wt"% C) DD = 5x10 
9cm2s 1 
while in AISI 316 '(0-07w0/6 C) MN = 7x10 
9 
cm 
21 
s. 
The formation of "white layer", i. e. precipitation of 
massive y'-(Fe, Ni)4N, at nitriding temperature enhances 
nitriding and abnormally high nitriding rates are obtained 
due to the formation of cracks which facilitate ammonia 
penetration into the inner subscale. For nitriding at 
6000C or at 550°C, as at 8000 C, the curve representing the 
case depth squared against nitriding time can be represented 
by two straight lines. The slope of the first part of the 
nitriding curve depends on the starting material, i. e. carbon 
content, degree of deformation and grain-size. The change 
in slopes is observed at a depth of nitrided layer of 
approximately 120 gm (Figire VII. 1), 'that is, when the body- 
centred cubic or low tetragonality phase (a or a') appears 
(see Chapter V). Only the second slope corresponds to a 
diffusion process. It is difficult to determine at which 
depth the influence of the cracks observed in the "dark- 
etched" layer can be neglected and so it is not possible to 
give the exact value of the diffusion coefficient. At 
temperatures lower than 6000 C, the nitriding rate is deter- 
mined by the diffusion of nitrogen in austenite provided 
that no crack formation occurs. 
At 700°C, nitriding behaviour is complex due to the 
formation of a thin "white layer"-which leads to a high 
107 
nitriding rate, and to the presence of Cr2N ferrite in 
the diffusion layer. However, the curve representing the 
square of the case depth against nitriding time can also 
be divided in two straight lines with the slope of the 
first four times that of the second. 
VII. 6 Conclusions 
For temperature at which y/-Fe4N is formed 
during nitriding, i. e. lower than 7000C, nitriding of 
AISI 316 takes place at an initial rapid rate during which 
the surface layer of iron nitrides is formed after which 
the rate of subscale growth decreases. 
The final thickness of the nitrided case at any 
temperature is aItinction of several variables: iron nitride 
formation, chromium carbide precipitation, grain-size and 
degree of prior cold-work. 
At 800°C internal nitriding theory is valid 
assuming, as is observed, the precipitation of CrN in 
It 
austenite during the first stage and then precipitation of 
Cr2N in ferrite during the second. At temperatures lower 
than 700°C, although nitrided case depth squared is a 
linear function of time, an unexpectedly high rate is 
observed and is explained by cracking of the nitrided case 
caused by a residual stress gradient in the Y1-Fe 4N 
layer. Enhanced access of ammonia through the cracks to 
the underlying metal leads to rapid nitriding. 
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Chapter VIII 
MECHANICAL PROPERTIES OF NITRIDED AISI 316 
VIII. 1 Introduction 
The formation of a nitrided case on the surface of 
a steel increases wear resistance, tensile strength and ' 
fatigue properties but decreases its ductility. The 
little work which has been reported on the mechanical 
properties of nitrided stainless steel is discussed in 
section II-3(b). Typical tensile load-extension curves 
for nitrided AISI 316 show a linear elastic part with no 
well-defined limit of proportionality followed by plastic 
deformation with some steps in the load-extension curve 
accompanying cracking of the scale. Failure of glass- 
filled nitrided tubes in four-point bend tests does not 
show any influence of the depth of the nitrided case (Wilson 
& Wilson, 1981). These results will be discussed later in 
the present chapter. 
Three- and four-point bend tests were used in the 
present study to determine the mechanical properties of 
nitrided specimens in the form of sheets and tubes. 
Four-point bend testing is more often used than three-point 
bend due to a uniform distribution of the bending 
moment along the beam and also because there is a maximum 
110 
shearing farce at the central anvil in the case of the three- 
point bend. 
On bending a straight beam the inside surface of the 
bent beam is in compression while the outside is in tension 
and there is an intermediate level at which the stress is 
zero and which cuts any cross section in the neutral axis. 
If the beam behaves elastically then the neutral axis is 
along the centre line of the specimen but in plastic bending 
the neutral axis moves closer to the inside surface of the 
bend as bending proceeds. Bending tests are characterised 
by a bending moment which is the force applied on the anvil 
by the distance of the' anvils to the centre of the jig. 
Bending moment is related to the yield stress and in the 
case of a rectangular beam: 
M= 
6 .... VIII. 1 
where c Ty = yield stress of the material 
w= width of--the beam 
B= thickness of the beam 
Because there is a gradient of stress, from tension to 
compression, across the thickness, the complete cross 
section does not yield at this value of bending moment. 
On bending, the maximum of stress is on the outside surface 
111 
which has to crack first before the complete failure of the 
specimen. 
In the present work the analysis of bending behaviour 
of nitrided sheets or tubes is complex due to the micro- 
structure of the hard case formed by nitriding and also 
because it was not possible to nitride sheets on one side 
only. 
VIII. 2 Bending of sheet 
Bending was not perfect beyond the failure stress 
of the outer tensile surface layer. 
Four-point bend testing was found to be impractical 
for nitrided sheets, because failure of the specimens 
occurred between the inside and outside anvils, i. e. where 
the variation of the shearing force is a maximum. For 
three-point bending a maximum bending deflection of 300 is 
imposed by the geometry of the test rig and the deflection 
is measured by the angle to which the specimen is bent. 
(a) Influence of a thin nitrided layer on mechanical 
properties 
f 
Thick as-received specimens (1mm) were nitrided in pure 
ammonia in the range 5500-600OC for 24h and air-cooled; 
Figure VIII. 1 shows schematically the type of load-extension 
curves obtained for 5500.6000,7000 and 8000C samples and 
values of the parameters measured are given in Table VIII. 1. 
The steps on the curves of Figure VIII. 1 correspond to the 
appearance of cracks on the tensile face of the specimens and 
they are accompanied, in the case of samples nitrided at 
600°C9 by a clearly audible sound as the cracks propagate 
through the case. The sound is less pronounced at 500°C 
and 700°C and is absent at 800°C. The load required to 
fracture the case, that is to form the first crack, appears 
to be independent of temperature and testing speed and only 
slightly dependent on the thickness of the nitrided layer in 
i 
the range studied. The latter, expressed as a ratio of 
twice the case thickness to the total thickness of the sheet, 
was between the limits 0.17 and 0.46= see Table VIII. 1. 
However the shapes of the curves prior to fracture of the 
nitrided case show significant differences for different 
materials. For samples nitrided at 600°C the load- 
extension curve is linear up to the load at which the first 
crack forms but at 550°, 7000 and 8000C the curves deviate 
from linearity indicating that some plastic deformation 
occurs before failure. Linear behaviour of the first part 
of the curve is a consequence of the presence of massive 
y'-Fe4N. Samples nitrided at 800°C for 24h and cooled 
in pure ammonia from 800° to 500°t held in this gas at 500°C 
for 24h and then tested (Table VI. 1 and Table VIII. 1), show 
112 
i 
a linear elastic behaviour up to the formation of the first 
Figure VIII. 1 
Load-extension curves from three-point bend tests 
of thick sheet specimens of AISI L316 nitrided in 
pure ammonia for 24h, air-cooled 
at (a) 550°C 
(b) 600°C 
(c) 700°C 
and (d) 800°C 
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crack while for specimens nitrided in the same conditions 
but quenched from 800°C plastic deformation occurs before 
cracking of the scale. In both cases the second part of 
the curve is identical to a specimen nitrided at 8000C and 
air-cooled (Figure VIII. 1). In Figure VIII. 2 and Table 
VIII. 1 the influence of the presence and the thickness of a 
"white layer" is shown. 
All specimens were nitrided at 800°C for 24h but the 
cooling rate and cooling atmosphere were varied. In the 
quenched specimen (a) no "white layer" nor y'Fe4N is 
present. In (b) a very thin "white layer" is found (see 
Figure VI. 8(ii)) and the first part of the curve is more 
uniform than in (a) but the load required for cracking is 
lower (see Table VIII. 1). In (c) a very thick "white layer" 
is formed (Figire VI. 8(v)O and the sample behaves elastically 
up to the load required for crack formation but no steps are 
clearly visible on the second part of the curve. In (d) 
the "white layer" is thicker than in the case of (b) but the 
successive Y/ -Fe4N formed during cooling from 800°-500°C 
is partially reduced on holding at 500°C in argon (see 
Figure VI. 8(iv)). The first part of the curve is therefore 
almost linear with small steps evident during the fracture 
of the nitrided layer. 
From this study it appears that brittle behaviour is 
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primarily due to the presence of massive Yl-(Fe, Ni)4N, 
but not exclusively so from the evidence of the bend curve 
c. 
Figure VIII. 2 
Load-extension curves from three-point bend tests 
of thick sheet specimens of AISI L316 nitrided in 
pure ammonia at 800°C for 24h and cooled as indicated 
(a) quenched 
(b) 8000 A2ý'ý 500° + 500° - Ar - 24h (s. c. (i)) 
(c) 800° N 500° + 500° - NH3 - 24h 
(s. c. (ii)) 
and (d) 800° 
N 5000 + 5000 - Ar - 24h 
2h 
(a"c. (iii)) 
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of a specimen nitrided at 550°C (Figure VIII. 1(a)). This 
sample has a thick layer of y/ similar to that formed at 
600°C (Figure Y. 3) but during bending this "white layer" 
spalls off leaving the underlying diffusion zone to deform 
plastically. This does not occur at 600 °C where there is a 
less well-defined interface between the "white layer" and 
"dark-etched" layer (Figure V. 4). If there is a well- 
defined interface between the different subscales then there 
is a sharp change of stress at this interface (see Figure 
11.15) and the two layers are expected to shear along the 
interface as is the case for samples nitrided at 550°C. If 
layer separation occurs before transverse crack initiation 
then there is brittle behaviour and only plastic deformation 
of the diffusion layer. 
Brittle behaviour depends on the microstructure of the 
case and also of the core as shown by bending 6}/o cold- 
worked specimens. Specimens cold-deformed by 63'/ and 
nitrided at 800°C for 24h in pure ammonia and quenched from 
the reaction temperature have the same load-extension curve 
(Figure VIII. 3(b)) as those already reported for annealed 
specimens nitrided at 600°C and shown in Figure VIII. 1(b)). 
For samples nitrided at 600 
°C, as the microhardness of the 
core increases (for example for non-recrystallised samples), 
the load required to initiate the first crack by brittle 
fracture also increases. " Moreover, the load continues to 
increase until a maximum stress is reached which depends on 
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Figure VIII. 3 
Load-extension curves from three-point bend tests 
of thick sheet of 6 cold-worked specimens of 
AISI L316 nitrided in pure ammonia for 24h and 
quenched from 
(a) 600 °C 
and (b) 800°C 
V 
0 
0 
extension 
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the ratio of nitrided case to total thickness. This 
behaviour is shown in Figure VIII. 3(a) by the load-extension 
curve of a 6% cold-worked specimen nitrided at 600°C for 
24h. The influence of the core is also shown by the complete 
failure of the specimen at a deflection of less than 300 for 
a sample of 63/ cold-worked material nitrided at 6000C for 
100h; a similar sample nitrided at 800°C for the same time 
does not break. At 800°C recrystallisation takes place in 
less than 2h to produce a soft core while at 600°C recovery 
behaviour is very slow and the core retains a high hardness 
(370 VMN'r see Table VIII. 1) and a high work-hardening 
capacity. 
Metallographic examination shows that all of the initial 
brittle cracks in the nitrided surface layer are blunted and 
terminate at the case-core interface (Figure VIII. 4(b)) in 
the deformed zone described in Chapters V and VI. Impact 
-tests carried out on specimens nitrided at 600°C for 6 hours 
show only a small amount of ductile tearing at the 
principal crack (Figure VIII. 4(a)), and a well-defined 
plastic zone containing a high density of deformation twins 
can be seen around the principal crack. Evidence that the 
core has undergone plastic deformation during three-point 
bending is shown by the crack opening in the inner 
(compression) nitrided case of specimens nitrided at 600°C 
for at least 24h (Figure VIII. 4(c)). The cracks open at 
the interface zone between case and core formed by twins and 
Figure VIII. 4 
Micrographs of tested specimens. 
(a) Optical micrograph of an impact bend specimen 
of A181 L316 nitrided for 6h at 600°C in pure 
ammonia (acid picral etch) 
(b) Optical micrograph of a three-point bend specimen 
of AISI L316 nitrided for 99h at 600°C in pure 
ammonia 
(c) SEAT micrograph showing cracks in the nitrided 
case on the compressive surface of a specimen 
as in (b), nitrided for 24h at 600°C 
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dislocations and stop close to the yI +C outer layer. 
These cracks can appear only if the neutral axis of the bent 
sample has moved towards the centre of the bend radius and 
which occurs only when plastic yielding of the core takes 
place. For short nitriding times (6h) no inside cracks are 
visible which would indicate that the neutral axis has not 
moved so far as to be in the inner nitrided case. 
(b) Influence of the thickness of the nitrided layer on 
fracture behaviour 
Thin sheets of AISI 316 (0.38mm) containing 0.07wt% C 
nitrided, as-received or after heat-treatment at 6000,7000 
and 800°C for different lengths of time, and either air- 
cooled or quenched, were tested on a three-point bend jig. 
The load at which the first crack is initiated is independent 
of the nitriding temperature or cooling rate (see Table 
VIII. 2). The bending load-extension curves for several 
temperatures of nitriding are basically identical to those 
already described for the corresponding specimens containing 
0.02wt% Cl that is, the same type of behaviour up to crack 
initiation and the same type of steps when cracks occur. 
However, the final part of the curves up to fracture is 
different and is shown in Figure VIII. 5 for samples nitrided 
at 600°C. Figure VIII. 5(a) represents the curve for 
nitrided fractions less than 0.75 where the un-nitrided core 
does not fracture although several cracks occur in the 
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Figure VIII. 5 
Load extension curves from three-point bend 
tests of thin sheet specimens of AISI 316 
nitrided in pure ammonia at 600°C for a ratio 
(2x case depthYtotal thickness of the sheet 
(a) less than 0.75 
and (b) exceeding 0.75 
0 
extension 
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nitrided layer. However, when the nitrided fraction 
exceeds 0.75, failure of the core always occurs (Figure 
VIII-5(b)) and the total extension required is a function of 
nitrided layer thickness. For nitriding times longer than 
74 h (ratio > 0.85) the specimen breaks after the 
appearance of the first crack. The critical ratio at 800°C 
is 0.65 compared with 0.75 at 600°C (Table VIII. 2) which is 
explained by a high microhardness in the core of samples 
nitrided at 800°C due to diffusion of carbon ahead of the 
nitrided layer (see Chapter V). Carbon precipitates as 
Cr23C6 in grain boundaries resulting in brittle failure in 
the core. Despite the fact that specimens nitrided at 800°C 
fail for a nitrided fraction lower than at 600°C due to 
carbide precipitates, prior heat-treatment at 600°C or 800°C 
for 48 hours carried out to enhance carbide precipitation, 
has no appreciable effect on the bending behaviour (Table 
VIII. 2). Figure VIII. 6 shows that samples either as-received 
or heat-treated at 800°C for 48h fail in a ductile manner, 
(a), while the core of as-received (b) or heat treated (c) 
samples nitrided at 800°C for 30h show brittle behaviour 
(the three specimens were broken in liquid nitrogen to avoid 
the influence of compressive or tensile stresses). Thus, 
only massive precipitation of carbide in the core of samples 
nitrided at 800°C can explain the difference in failure 
behaviour between 6000C and 8000 C. 
Cooling rate also has an effect on the bend curves of 
Figure VIII. 6 
SEN micrographs of AISI 316 specimens broken in 
liquid nitrogen 
(a) sample heat-treated at 800°C for 48h 
(b) core of a sample nitrided at 800°C for 
30h in pure ammonia 
and (c) core of a sample heat-treated at 800°C 
for 48h then nitrided at 800°C for 30h 
in pure ammonia 
(0) 
(b) 
(c) 
Figure VIII.? 
Load-extension curves fron three-point bend tests 
of thin sheet specimens of AISI 316 nitrided in 
pure ammonia at 800 
°C for 24h and 
(a) air-cooled 
and (b) quenched 
G 
x--denotes failure 
0 
2 
extension 
Figure VIII. 8 
SEM micrographs of fracture from three-point 
bend tests of thin sheet specimens of AISI 316 
nitrided in pure ammonia 
(a) 600°C for 36h 
(b) "white layer" of (a) 
(c) y+ CrN subscale on tension face of sample (a) 
(d) 800°C for 24h 
(e) "white layer" of (d) 
(f) y+ CrN subscale on tension face of sample (d) 
ý" O 
A" 
%Z ,. * 
t 
F '1 
r* M 
123 
is 29.7kg for 1mm thick 11mm wide specimens and the stress 
on the tensile face can be calculated from equation VIII. 1. 
There is therefore a stress of 771 M. m2 on the outer 
surface of the nitrided case. If an upper estimate for 
general yield (Knott, 1973) is applied to the un-nitrided 
core, 
M_0.69 
cry w2 B 
2 .... VIII. 2 
and a critical value of w may be calculated for which the 
core will behave elastically. For the values given above, 
and taking the yield stress of annealed AISI 316 to be 
Ty = 290 Nm2 
(as determined by tensile testing and in 
agreement with Peckner & Bernstein (1977)), a minimum value 
of thickness w=1.13mm is determined. Since this 
value is greater than the specimen thickness, it is obvious 
that when the first crack propagates the core has already 
undergone plastic deformation. A similar calculation gives 
w=0.33mm for thin specimens (0.38mm) which means that 
I 2h nitriding are required. 
However the interpretation of the bending results is 
complex due to the fact that no mechanical properties for the 
different structures of the nitrided case are known, and it 
is also not possible to test samples nitrided on one side 
only (see Chapter II). The inner case is very hard and 
imposes on the sample an additional stiffness which depends 
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on the ability of the nitrided layer to deform plastically 
(a function of the microhardness and structure) and on the 
bonding between the different subscales. In the case of a 
thick ductile core, brittle behaviour is observed only when 
the case is hard and composed of a white layer coherent with 
the inner subscale. When a thin nitrided layer is formed 
(for thick samples) the degree of cold work in the core has 
a pronounced effect on bending fracture. For 6}/o cold- 
worked and nitrided samples recrystallisation occurs rapidly 
at 800°C but no grain growth is observed (Figure V. 19) and 
a hard core with a thin--non-recrystallised nitrided surface 
layer leads to brittle behaviour which is not observed for 
as-received and nitrided specimens. At 600°C, when the 
cold-worked structure is maintained, the load continues to 
increase after the first crack has formed reflecting the 
toughness of the laminated microstructure in these specimens 
and nitriding for 100h is required to produce complete 
failure. " -, 
Failure in a single bend requires a minimum case depth 
but is mainly dependent on the core structure. The crack 
must propagate through the tough interface between the 
nitrided layer and core, and then through the core which is 
easier when the core is less ducti le. 
Brittle behaviour occurs when a hard, coherent, nitrided 4 
multi=layer case is formed but complete failure with minimum 
layer thickness also requires a hard core. 
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VIII. 3 Bending of nitrided tubes 
Tubes nitrided on one or both sides have been 
tested by three and four-point bend and brittle behaviour is 
mainly determined by the nature of the filling material. 
"Steatite" and "Hilbx" pellets (ceramic material) and mild 
steel were used as fillers. 
Figure VIII. 9 shows the load-extension curves 
obtained during three-point bend tests of AISI 316 can 
tubing (30mm length x 0.38mm wall thickness; 29/6 cold- 
worked) nitrided on both the inside and outside surfaces for 
24h at 600°C. A load of 70kg is required to initiate the 
first crack in a hollow tube (Figure VIII. 9(a)) but 
considerable deflection is required to cause failure. It 
should be noted however that in. three-point bending of hollow. 
tubes the central anvil penetrates and deforms the tube. 
Figure VIII. 9(b) represents the results from a nitrided tube 
filled with a single tight fitting solid "Steatite" pellet: 
25mm in length in which the maximum load recorded before the 
formation of the first crack is 100kg. A load of 40kg is 
required to break a "Steatite" pellet alone. Figure VIII. 9(c) 
shows the curve obtained from a sample tube filled with 
several small "Hillox" pellets each 7mm long. 
In Figure VIII. 9(b) the first crack at 100kg corresponds 
to the fracture of the inner "Steatite" pellet and complete 
failure requires a much larger bending deflection. With 
Figure VIII. 9 
Load-extension curves from three-point bend tests 
of AISI 316 tube specimens nitrided on both outside 
and inside surfaces at 600°C for 24h in pure ammonia. 
Tested as (a) hollow tube, and 
tubes containing (b) a single "Steatite" pellet, or 
(c) several "Hillox" pellets 
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the small "Hillox" pellets-the load to form the first crack 
is higher (150kg) and fracture occurs almost immediately. 
The points marked with a cross in Figure VIII. 9 are 
considered to be the fracture points in each test since the 
applied load drops to zero, but in all cases the two halves 
of the sample are not completely separated. 
Four-point bend testing was carried out on 0.38mm 
wall-thickness tubes nitrided either on both sides or on the 
outside only and tested either hollow or filled with a piece 
of mild steel. (Steel was used to give a ductile filling 
rather than the brittle ceramic fillers described above. ) 
However, hollow tubes nitrided either on one side or on both 
deform extensively at the inner anvils and fail opposite the 
anvil on the tension face so that no quantitative results were 
obtained. The load to initiate cracking for tubes filled 
with ductile mild steel-is higher in the case of tubes 
nitrided only on one side (1200kg) compared with those -ý 
nitrided on both sides (730kg) and the tubes behave in a more 
ductile fashion than those with additional stiffness imposed 
by the inner nitrided layer. Due to the ductility of the 
filling material complete fracture does not occur in a 
single bend. 
A more detailed study of the behaviour of nitrided 
tubing on four-point bend tests was carried out by Wilson & 
Wilson (1981). The material was nitrided on the outside 
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only at temperatures of 600°, 700 0 and 750°C for times 
between 6 and 70 hours and was tested hollow or glass- 
filled. The bend-test results showed considerable scatter, 
probably due to the indentation of the tubes by the test-jig 
anvils. Glass-filled tubes always failed after a reverse 
bend even for un-nitrided specimens while a minimum nitrided 
case depth necessary to fracture a hollow tube with a single 
reverse bend was identified. This minimum value reached 
its lowest value at 7500 C. Tubes nitrided at 7500C appear 
to be more brittle than at 600 ° or 700°C due to carbide 
precipitation ahead of the nitrided layer as observed in the 
case of thin sheets nitrided at 800°C. 
1 
It is perhaps surprising that no appreciable penetration 
of the anvils in the case of hollow tubes has previously been 
reported. However, the results obtained by Wilson & Wilson 
(1981) are consistent with the present work and can be 
explained in the same way. 
The bending behaviour of tubes depends on the composition 
of the nitrided steel (carbon content) and on the reaction 
temperature but most critically on the filling material; 
nitrided tubes will behave in a brittle manner if the 
filling material is brittle. 
127 
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VIII-4 Conclusions 
Three-point bend tests show that the optimum 
nitriding temperature for brittle failure of AISI L316 is 
600°C. Cracks formed during nitriding propagate in bending 
and cause brittle failure. The load to propagate the first 
crack is independent of nitriding temperature or alloy 
condition but at temperatures greater than 600°C plastic 
deformation of the nitrided layer occurs preventing brittle 
failure. In heavily cold-worked samples nitrided at 600 °C 
the load to initiate cracking increases with the degree of 
prior cold work. Samples with high carbon contents 
, nitrided at 800°C and slow-cooled fail in a brittle manner 
similar to those nitrided at 600°C, and failure occurs due 
to (i) grain-boundary precipitation of carbides in the 
core during nitriding and (ii) the formation of a surface 
layer of y' -Fe4N during cooling. 
Brittle failure of AISI 316 can therefore be achieved- 
by nitriding at 600 
°C in pure ammonia in which case fracture 
occurs by propagation of existing cracks formed during 
nitriding; a nitrided fraction of 0.75 is necessary to 
obtain failure in a single bend. Alternatively, specimens 
nitrided at 800°C and slow-cooled will fail in a single bend 
with a nitrided fraction of 0.65. A smaller case depth is 
therefore required at 800°C and so a shorter nitriding time 
is necessary at 800° than at 600°C since the rates of nitriding 
at these temperatures are similar (see Chapter VII). 
Chapter IX 
GENERAL DISCUSSION 
The hard case formed by nitriding highly alloyed steel 
offers potentially useful properties but few attempts have 
been-made, particularly at low temperatures, to relate the 
nitriding rate`with precipitation behaviour and mechanical 
properties. 
The technological objective of the present study is to 
produce a maximum embrittlement in AISI 316 by nitriding but 
the same process is also used in industry to produce material 
with hard surfaces resistant to wearing, fatigue and 
corrosion. Such materials require a hard surface case 
(j 700 V. M. N. ) and a ductile core (hardness < 400 V. M. N.; 
Convert & Tournier, 1982). This type of material is also 
capable of giving very high tensile strengths. Thus, the 
present results although interpreted in terms of the 
embrittling effect of a nitrided layer provide useful infor- 
mation on the structure and distribution of phases which can 
equally be applied to the production of components with 
improved surface qualities. 
The maximum embrittlement of low carbon (0.02wt% C) or 
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heavily deformed AISI 316 is obtained by nitriding at 600 °C 
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in pure ammonia. For high carbon steels (0.07wt% C) 
maximum embrittlement is obtained by nitriding at 800°C and 
slow cooling in pure ammonia. In both cases the nitriding 
rates are similar due to the abnormally rapid nitriding at 
about 600°C, due to the formation of an extremely thick 
"white layer" that leads to the formation of cracks. These 
permit penetration of the nitriding gas into the inner sub- 
scale. Thus, considering only the time of nitriding to 
produce a given depth of case, it is possible to obtain a 
nitrided layer on AISI 316 at 600°C which in the absence of 
this anomalous effect would require a temperature of 800°C. 
However, the outer'layers of the nitrided case produced at 
600°C are extremely friable due to cracking and such a method 
of forming a hard surface could be used only where the white 
layer is subsequently removed by grinding. In addition, the 
rate of nitriding at 600 °C cannot be predicted by a simple 
kinetic model although the rate of nitriding appears to be 
reproducible when thick layers are formed. The rate of 
nitriding is seldom a critical factor in choosing the process 
temperature and the surface properties, whether for 
embrittlement or strengthening, depend upon the phase 
distribution, structure and properties of the inner sub- 
surface layers of the core. 
On nitriding at 600°C the "white layer" is followed by 
a sub-surface layer of homogeneous precipitation of fine 
Yl-(Fe, Ni)4N and CrN in austenite. This forms 
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because of the high supersaturation of nitrogen in austenite 
produced by the ingress of ammonia through cracks. It is 
very hard and forms a coherent bond with the inner subscale 
that has a very fine lamellar structure of y+ CrN. 
In a diffusion controlled growth model for the formation 
of a nitrided surface layer all the subscales in the layer 
should grow thicker with increasing nitriding time. However 
at 600 °C the white layer of yl-(Fe, Ni)4N forms within lh 
and remains constant in thickness although optical microscopy 
("dark-etched" layer) and TEM show that homogeneously 
precipitated y' continues to form during nitriding. The 
question as to why massive yý ceases to grow but fine Vý 
continues to nucleate can only be explained by the cracking 
of the "white layer" which occurs in the first few hours of 
nitriding. Access of ammonia or partially dissociated 
ammonia to the subsurface layers via the cracks increases the 
rate of nitriding by increasing the nitrogen potential (and 
hence the solubility in austenite) above that which would be 
in equilibrium with the inner growing surface of the massive 
y "white layer". By the same reasoning, the austenite 
+ CrN subsurface layer is supersaturated with respect to 
y'-Fe 4N and must lose nitrogen either by growth of the 
"white layer"q which is now physically separated from the 
subsurface by cracks, or by homogeneous nucleation and growth 
of the precipitates. 
The interface between the`case and the core is heavily 
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deformed due to the high stress gradient across the inter- 
face and consists of austenite twins and dislocations which 
are believed to result in formation of some ferrite in the 
inner nitrided layers as discussed in Chapter VI. 
At 600°C the core of annealed samples is ductile because 
at this temperature precipitation of carbides is slow, but a 
brittle core can be obtained in cold-worked samples. 
Nitriding of cold-worked ferritic steels has been discussed 
by Rickerby (1982) and the principles elucidated can equally 
be applied to nitriding of austenitic steels. The overall 
strength and ductility of a cold-worked and nitrided steel 
is a complex balance of loss of strength due to recovery and 
recrystallisation against the increase in strength obtained 
by nitride precipitation and possibly aging effects in the 
core such as carbide precipitation. Also, the time- 
dependent nature of the processes (recovery, recrystallisation, 
aging and nitriding) results in a gradation of structure 
4 
across the sample section. At the surface the cold-worked 
structure is retained by rapid precipitation of nitrides 
which pin the dislocation sub-cells and produce a precipitate- 
strengthening effect in a ductile matrix. At greater depths, 
however, recovery and eventual recrystallisation will occur 
and although nitriding produces a high specific hardening it 
is accompanied in these regions by a loss of ductility. 
Thus, whether seeking to embrittle or strengthen a cold- 
worked steel by nitriding it is necessary to take account of 
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a wide range of variables (temperature, nitriding potential 
and time, degree of cold work and carbon content) in order 
to obtain the desired properties. The results of the 
present work and those of Rickerby (1982) provide a basis 
whereby the necessary control of structure and therefore of 
properties can be attained. 
At 800°C conventional internal nitriding theory 
satisfactorily predicts the rate of nitriding of AISI 316. 
Nitriding for times less than 12h is determined by diffusion 
of nitrogen in austenite but for longer times by diffusion 
of nitrogen in ferrite, and consequently the second stage is 
slower than the first. At 800°C a three-layer case is 
formed with a thin surface layer of C -(Fe, Cr)2N1-x which 
grows outwards, followed by a layer of y+ UN in a 
lamellar pearlitic-type structure. The innermost subscale 
consists of y +CrN+Cr2N + in which CrN precipitates 
in austenite in a lamellar structure and Cr2N needles form 
in ferrite. As CrN precipitates in austenite a partial 
chromium depletion is observed and hence ferrite is formed 
according to the model of Keating (1956) and the remainder 
of the chromium is partitioned in the ferrite precipitates 
as Cr2N. Formation of ferrite at 800°C is therefore by a 
different mechanism to that proposed above for lower tempera- 
tures. At 800°C interstitial diffusion is sufficiently 
rapid to permit segregation and partitioning of nickel and 
chromium between the austenite and ferrite phases and TEM 
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clearly shows that extensive precipitation of Cr2N in 
ferrite occurs.,.,. The orientation relationship observed shows 
that Cr2N is precipitated in ferrite and not, as Lebrun et 
al. (1972) proposed, that ferrite forms as a result of 
chromium depletion by Cr2N precipitation in austenite. 
The model of ferrite formation is not entirely satisfactory 
however as it requires partial removal of Cr from y by 
CrNý precipitation leading to ferrite formation which is then 
followed by complete removal of Cr from oc by Cr2N 
precipitation. The structure is thus comprised of a 
nickel-nitrogen. austenite and ferrite, but as nitriding 
proceeds and the dissolved nitrogen concentration increases 
by diffusion from the surface, ferrite should become unstable 
and reconvert to austenite. The reason why this does not 
occur is not clear. A tough interface between core and case 
similar to that observed at 600 
°C is present, but the core 
structure is dependent on the carbon content of the steel. 
Carbide precipitation occurs ahead of the nitrided layer as 
a result of a sequence of dissolution and precipitation 
events. As nitrogen diffuses into the steel chromium 
carbides are converted to nitrides and the carbon goes into 
solution and, as a result of activity gradient, diffuses away 
from the nitrided layer towards the core of the sample. 
There, the high carbon concentration thus formed causes 
carbide precipitation. This carbide is again dissolved as 
i 
the nitrided layer grows and the process is repeated 
continuously. The high density of carbide precipitation 
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which is thereby'built up in the core results in the brittle 
behaviour of high carbon steels. An increase in the 
embrittlement of nitrided specimens at 8000C is obtained by 
the formation of a thick "white layer" on the surface, i. e. 
by precipitation of YI -Fe4N during air-cooling. Cooling 
slowly from 800°C in pure ammonia forms a "white layer" on 
the surface which is coherent with the inner subscale. In 
bending, because the maximum stress is on the top surface 
and because the "white layer" is very hard, the whole of the 
nitrided case breaks in a brittle manner when the stress 
required to break the y' -Fe4N layer is reached. 
In practice, fuel cans in nuclear reactors are fabri- ' 
cated from cold-drawn tube with about 29A cold-work after 
manufacture. The temperature of the fuel pins is raised 
during power generation for such a prolonged time that no 
influence of cold-working is observed on the mechanical 
properties when the tubes are removed for the reprocessing 
of the fuel. However, irradiation leads to considerable 
neutron damage and hardening by dislocations loops and void 
formation. The kinetics of formation and precipitation of 
the nitrided layers will therefore be affected as well as the 
mechanical properties. Nitrogen diffusion may be restricted 
by void formation but a thicker "white layer" formed by 
nitriding at 600°C will still be obtained which will lead to 
a high nitriding rate by cracking of the outer layers. Due 
to the formation of a "white layer" and a "dark-etched" layer 
which is coherently bonded to the hard inner subscale, 
samples nitrided at 600°C show a brittle behaviour by bending. 
Heavily deformed samples nitrided at 600°C not only show 
brittle behaviour but also an appreciable work-hardening of 
the core when bending is carried out and therefore total 
failure can occur for smaller case depths. 
The optimum process for embrittlement of AISI M316 
tubing is to nitride at 800°C in pure ammonia with a high 
flow rate. Despite the fact that the nitrided layer formed 
at 8000C is not very hard (rv 450 V. M. N. ) compared with the 
one formed at 600°C, brittle behaviour is more effective at 
high temperature due to the brittle core produced by carbide 
precipitation. 
The mechanical properties of the fuel is probably the 
over-riding factor that determines whether or not a nitrided 
tube fails in a brittle manner. If the fuel. is brittle, 
only a short nitriding time is necessary and the tube will- 
fail in a brittle manner as shown in Chapter VIII. However, 
if the fuel is ductile a longer nitriding time is required 
to obtain brittle failure. With intrinsically brittle fuel 
causing brittle failure of nitrided tubes in a single bend, the 
thickness of the surface layer is not a critical determiner and 
so the nitriding conditions may be chosen with other factors in 
mind. For example, with highly irradiated cans and radio- 
136 
I 
active fuel which must be handled in a sealed environment 
generation of hydrogen by ammonia dissociation may be 
considered deleterious and so nitriding conditions might be 
modified to minimise hydrogen production. 
The present work presents an investigation of the 
phases and microstructures of the surface layers of nitrided 
stainless steel which permit an understanding of both the 
rates of nitriding and mechanical properties of the material 
to allow useful combinations of layer thickness, structure and 
properties to be obtained. These results can be directed 
either towards processes of embrittlement or the improvement 
of properties of stainless steel. 
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Chapter X 
CONCLUSION 
The nitriding behaviour of AISI L316 and AISI 316 as 
well as the embrittlement of these steels have been 
investigated in the range of temperatures 550°-800°C. 
Phase distribution depends on the nitriding temperature 
and on the cooling rate. At low nitriding temperatures the 
formation of a "white layer" is required to obtain a uniform 
nitrided layer, while at high temperatures (7 700°C) the 
formation of the "white layer" (i. e. precipitation of 
y I-, Fe4N ' occurs during cooling. 
At 600°C the nitrided case consists of five layers: 
(i) a surface layer of e -(Fe, Cr)2N1-x; (ii) a "white 
layer" of fine precipitates of CrN in a 'j'-(Fe, Ni)4N 
matrix; (iii) a "dark-etched" layer of homogeneous precipi- 
tation of y' -(Fe, Ni)4N and CrN in an austenite matrix; 
(iv) a diffusion layer of lamellar structure of CrN in y; 
(v) a heavily deformed interface of austenite twins which 
leads to the formation of ferrite. At temperatures higher 
than 650°C the as-nitrided layer consists of: (i) a very 
thin E -(Fe, Cr)2N1-x layer; (ii) a lamellar structure of 
CrN in austenite; (iii) a diffusion layer of lamellar 
CrN +Y and needle-shaped Cr2N in ferrite; and 
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(iv) a deformed case-core interface. At these temperatures 
carbide precipitation occurs ahead of the nitrided front. 
At all temperatures and in all alloy conditions investi- 
gated the nitriding of AISI 316 stainless steel takes place 
at an initial rapid rate for times less than 2h where the 
rates are determined by grain-boundary diffusion. The final 
thickness of the nitrided case at any temperature is a 
function of several variables: (i) iron nitride formation; 
(ii) chromium carbide precipitation; (iii) grain-size and 
(iv) degree of prior cold-work. At 800°C internal nitriding 
theory is valid and is applied in the first stage to the 
formation of CrN in y and in the second stage to the 
formation of Cr2N in a. Although nitrided case depth 
squared is a linear function of time, with two slopes, the 
agreement with theory is poor and at 600 
°C 
an unexpectedly 
high nitriding rate is obtained. These observations are 
explained by cracking of the nitrided case caused by 
residual stress gradients in the yI -Fe4N layer by which 
ammonia penetration is enhanced. 
Three-point bend testing shows that for AISI L316 
(0z02wt°% C) the optimum nitriding temperature for brittle 
behaviour is 6000C. For AISI 316 (0.07wt% C) the most 
satisfactory reaction temperature is 800°C since carbide 
precipitation then occurs ahead of the nitriding front and 
produces brittle behaviour in the core. 
The nitriding behaviour, microstructure and distribution 
of phases in AISI 316 have been characterised by optical and 
electron microscopy and X-ray diffraction. A complete 
understanding of the physical metallurgy underlying the 
mechanical behaviour of nitrided steel is presented and 
permits selection of suitable nitriding treatments for 
embrittlement of AISI 316. 
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